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High Aluminum content AlxGa1-xN (x > 30%) has attracted intense research 
interest nowadays as “Ultra Wide Band Gap (UWBG)” material due to large band gap (> 
3.4 eV). The critical electric field (EC) of UWBG semiconductor AlGaN is significantly 
higher than GaN. Moreover, electron saturation velocity is also comparable to GaN. 
These attractive material properties are the needs for getting large breakdown voltage and 
high thermal stability which are the requirements for next generation power 
semiconductor devices. Theoretical possibilities show UWBG AlGaN based devices are 
an emerging class and can outperform conventional GaN based devices even at elevated 
temperatures. This dissertation focuses on design, fabrication, and characterization of 
UWBG semiconductor AlGaN based Field Effect Transistors. Along with detailed 
electrical and thermal characterization, a brief study on optical characterization is also 
performed to understand the potential of UWBG semiconductor AlGaN based devices as 
UV detector which has many important commercial and military applications. 
The work started with brief explanation of material growth and characterization. 
This includes discussion on structural and surface morphological analysis of the active 
epilayers grown on AlN (3μm)/Sapphire templates conventionally used for Deep Ultra 
Violet Light Emitting Diodes (DUV LEDs). The off-axes (102) X-ray peak line width of 
this AlN buffers was measured to be 350 arc-sec which translates the overall defect 
density close to (1-3) × 108 cm-2. The device epilayers were grown on these templates 
vii 
pseudo morphically. Electrical characterizations of these epilayers are performed by eddy 
current method and mercury probe Capacitance-Voltage (C-V) method. The transmission 
spectra measurement is also performed to get the optical absorption edge. 
A series of experiments have been made to realize the Field Effect Transistors 
(FETs). As a first step of making UWBG based Field Effect Transistors an n-Al0.5Ga0.5N 
channel Metal Semiconductor Field Effect Transistor (MESFET) was fabricated by 
Selective Area Growth (SAG) technique for the first time which shows 60 mA/mm 
current with good gate control. For studying the effect of gate insulator another set of 
similar type of devices were fabricated with SiO2 as gate insulator which reduces gate 
current by a factor of 1000. These devices show very high optical responsivity as 1.2×106 
A/W which drops after 290 nm of wavelength and shows greater promise as solar blind 
UV detector. After that Aluminum mole fraction was increased to 65% in the MESFET 
channel layer. Nonlinearity in Ohmic contacts motivated to develop a new approach of 
Selective Area Graded n-AlGaN based Ohmic contact. Extensive thermal 
characterizations have been performed. It is found that up to 200 oC the change in drain 
saturation current is only < 10%. These devices also showed 254 nm UV detection 
capabilities at 200 oC. 
For getting better switching performance i-Al0.65Ga0.35N channel based HEMT 
was designed and fabricated. In this case i-Al0.85Ga0.15N and n-Al0.85Ga0.15N barriers were 
employed separately. Large bandgap of the barrier layer results extremely low gate 
leakage current in the order of 10-9 A/mm. The peak current obtained was 250 mA/mm 
which is the highest till to date for UWBG semiconductor AlGaN channel based HEMT. 
The on current to off current ratio (ION/IOFF) was > 10
7 which shows the good switching 
viii 
quality of this power semiconductor device. Even at elevated temperature of 250 oC, the 
ION/IOFF ~ 10
5. The change in drain saturation current is < 10% at 250 oC which is similar 
for devices on expensive bulk AlN substrate. The breakdown voltage was close to 800V 
for gate to drain separation of 9 µm for these un-passivated devices with no filed plate 
and edge termination. 
All these results indicate that UWBG AlGaN channel based FETs have greater 
promise for next generation high power and high temperature power electronic 
applications in low cost platform. Also, the optical characterization reveals the possibility 
to open new device applications scope where photonic and electronic devices can be used 
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1.1 Importance of Power Semiconductor Devices  
 Power semiconductor devices play a vital role in power conversion and 
regulation all over the world through crucial applications. Such applications include 
voltage converters and conditioner, RADARs, satellite communications, base stations, 
aircraft flights control units, hybrid and electric vehicles, motor controls, power supplies, 
space exploration, electric ships and aircraft, unmanned combat aerial vehicles 
applications etc. These applications create more than billion-dollar market. However, 
rapid changes in application areas demand continuous improvement of power 
semiconductor devices. These devices are mostly used in converters, which are the heart 
of power electronic conversion technologies. Therefore, it is very important to understand 
the improvement approaches for these converters. Figure-1.1 shows the approaches for 
improvement of power electronic converters.  From Figure-1.1, it is well understood that 
ultimate improvement of a power electronic converter is possible by means of developing 
high performance power electronic devices. In short, these devices should have the 
following properties: 
• Low on state and off state power loss 
• High off state breakdown voltage and high on state current 
• Capability of operating at high temperature with minimal thermal arrangement 
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Figure 1.1 Approaches to achieve high performance power electronic converters [1]. 
 
• Low switching loss 
• High power density 
• Low manufacturing cost 
For achieving the above-mentioned criteria, it is highly important to select the right 
material in designing these high-performance power electronic devices. The details about 
the materials for designing high performance power electronic devices are discussed in 
section 1.2.  
1.2 Overview of Materials Used For Power Semiconductor Devices 
Power devices used in the power electronic systems are broadly classified into 
two major categories. These are power rectifiers and power switches. Despite this 
dissertation is designed on the performance of the power transistors. The criteria of 
material selection are also the same for power semiconductor rectifiers. Si based power 
3 
devices have long been the dominant power devices in power semiconductor industries. 
Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) and Insulated Gate 
Bipolar Transistors (IGBTs) are the key power semiconductor devices based on Si 
materials. There has been very intense research for the performance enhancement of Si 
based power semiconductor devices. Researchers’ efforts have been mainly given to 
reduce specific on resistance (Ron-sp), to increase the off-state breakdown voltage (VBR) 
and on-state current, increasing device operating frequency, reducing thermal 
management and reducing device on and off state losses, hence increasing the overall 
power conversion efficiency.  However, advances in technology in the recent decades 
show that Si technology is rapidly approaching its theoretical limit due to its narrow band 
gap property [2, 3, 4]. At the same time, SiC and GaN have attracted serious research 
attention over Si technology due to attractive wide band gap material properties. Table 
1.1 shows the comparison of different materials to design power semiconductor devices 
[5]. Table 1.1 shows that SiC and GaN have large band gaps (EG). These SiC and GaN 
are considered as wide bandgap materials. Wide bandgap results in very low intrinsic 
carrier concentration (ni) following, 𝑛𝑖 = √𝑁𝐶𝑁𝑉𝑒
−𝐸𝐺
2𝐾𝑇  [6]. Whereas, Si based devices 
could not operate ~200 oC efficiently, these wide bandgap materials ensure high 
temperature operations.  
Operations >300 oC reliably without excessive leakage or thermal runway 
comparing with Si based devices [4]. These ultimately reduce the need for excessive 
thermal management what is currently used for Si based devices.  This high temperature 
operation is also facilitated by high thermal conductivity.  SiC shows the highest thermal 
conductivity over Si and GaN, but GaN based device temperature performance can also 
4 
be enhanced very significantly by using SiC based substrates [7, 8]. It is also seen from 
the table that SiC and GaN both have higher critical electric fields (EC) than Si. This is 
very crucial requirement for materials used in designing power semiconductor devices 
[9]. This high EC is resulted from large EG and high EC is the first requirement to get high 
breakdown voltage (VBR). Breakdown voltage is one of the key metrics for power 
semiconductor devices. It is expected that power semiconductor devices have VBR as high 
as possible. Among these materials, GaN has the highest critical electric field due to its 
large band gap (~3.4 eV). This high critical electric field also facilitates in design of 
devices with reduced size maintaining high breakdown voltage. 
Table 1.1: Semiconductor Material Properties at 300K 
Properties Si 4H-SiC 
GaN 
(Wurtzite) 
Bandgap, EG (eV) 1.11 3.26 3.42 
Electric Breakdown Field or Critical Field, EC 
(MV/cm) 
0.3 3.0 3.3 
Electron Mobility, µe (cm2/Vs) 1350 900 1150
a 
2000b 
Electron Saturation Velocity, Vsat (107 cm/s) 1.0 2.0 3.0 
Thermal Conductivity, k (W/K.cm) 1.5 4.9 1.3 
Relative Dielectric Constant, ԑr 11.9 10.1 9 
JFOM (Vsat× EC/2) 1.0 215 400 
 
a) Mobility in bulk 
b) Mobility in two-dimensional electron gas   
“4H”in 4H-SiC refers to the crystal structure of the SiC material 
 JFOM: Johnson’s Figure of Merit for RF applications 
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The reduction of device size will also reduce the specific on resistance (Ron-sp), which is 
an important requirement to reduce conduction loss. Reducing the value of Ron-sp is 
advantageous for the better performance of power devices. Specific on resistance (unit is 
Ω-cm2) is obtained by multiplying the on resistance with device area (A). Reduced device 
size will also reduce the device area, which will ultimately reduce the device capacitance 
and hence increasing the device operating frequency. Due to having the capability of high 
frequency operation, there will be a significant reduction in the size and weight of passive 
elements. Therefore, the overall power density increases significantly. Considering these 
power performances, GaN is the most attractive among these materials. However, the 




 which is considered 
to be the figure of merit ratio for power devices [10,9,3]. Jerry L. Hudgins et. al. shows 
the relation between VBR and Ron-sp [11] and is shown in equation 1.1 and 1.2 





 (for direct band gap material)     (1.1) 





 (for indirect band gap material)     (1.2) 
The relation between VBR and Ron-sp is plotted in Figure 1.2. The straight lines show 
theoretical values of Ron-sp for varying breakdown voltages for unipolar devices. It is seen 
that GaN based devices have lowest Ron-sp with high VBR as compared to Si and SiC. This 




 ratio for Si, SiC and GaN. 




 is ~10 
MW/cm2, 2.4 GW/cm2 and ~10 GW/cm2, for Si, SiC and GaN respectively. It is clear 




 ratio than Si and SiC. This indicates GaN has higher 
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potential over Si and SiC as a material to design power semiconductor devices. Apart 
from the power performance, another point to be considered is the speed of operation, as 
characterized by Johnson’s Figure of Merit (JFOM), which explains the potential of any 
material for designing devices for RF applications. JFOM for Si, SiC and GaN are 
presented in the last row of Table 1.1 normalized to Si. It is clear from the JFOM values 
that GaN based devices can easily outperform Si and SiC based devices in terms of RF 
performance. On the basis of theoretical studies presented in Figure 1.2 and the material 
parameters presented in Table 1.1, it is evident that GaN has superiority not only over Si 
but also over SiC.  Moreover, SiC based technology involves complex device fabrication 
technology and higher cost than GaN [12, 13]. This hinders the pace of development on 
SiC based devices. At the same time GaN got higher research attention not only due to its 
attractive material properties but also due to low cost technology platform resulted from 
less complicated growth and processing technology than SiC.  
 
Figure 1.2 Comparison of Ron-sp versus VBR for different materials. Straight line 
represents theoretical values for Si, SiC and GaN. 
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1.3 Overview of GaN Based Power Transistors  
Since its inception in early 1990s, GaN based High Electron Mobility Transistors 
(HEMTs) have attracted intense research attention for high power and high frequency 
applications due to its attractive intrinsic material properties [14, 8,11].  Over more than 
two decades scientists and engineers all over the world gave tremendous effort to utilize 
its potential as high power and high frequency device. Lots of demonstrations have 
already shown that GaN based HEMTs have the capability to exceed the performance of 
Si based technology when output power and operating frequency beyond 2 GHz are 
considered [15]. Moreover, these HEMTs work more reliably than Si in harsh 
environments, like temperatures beyond 300 °C, or in chemically non-inert environment 
which is belligerent to Si [16, 17]. Accompanying this continuous effort, successful 
commercialization of GaN based HEMTs has already been started [18,19]. There are 
mainly two types of GaN based power transistors developed at this time; these are lateral 
and vertical type transistors [7, 20]. Figure 1.3 shows the typical structure of a GaN based 
lateral (a) and vertical (b) devices. Lateral GaN based HEMT technology is reaching a 
mature state and gained great momentum in various power electronic applications 




(a)        (b) 
Figure 1.3 (a) Lateral GaN HEMT structure and (b) Vertical GaN HEMT structure [21]. 
2DEG 
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These power devices mainly cover applications of power supply, factory automation, 
space and radar communications [22, 23, 3]. One of the common applications of these 
AlGaN/GaN HEMTs are in motor driving in various military and commercial 
applications. Figure 1.4 (a) shows the typical motor drive system utilizing AlGaN/GaN 






Figure 1.4 (a) Schematic illustration of a motor drive system [3] and (b) Power electronic 
modules used in HVs [7]. 
9 
            More recently, a large number of automakers, especially those in the hybrid 
(HVs) and electric vehicle (EVs), are interested in using GaN based wide bandgap device 
technologies that can enable higher power conversion efficiency or reduced system cost 
comparing with existing Si based technology [8,7, 19, 24]. Figure 1.4 (b) shows Power 
Electronics used in HVs and EVs. Some prominent applications of GaN based power 
switching transistors are shown in Figure 1.5 which covers the spectrum of GaN based 
power transistor applications in broad range. The origin of this attractive performance in 
these lateral GaN based HEMTs is the high two dimensional electron gas (2DEG), which 
is formed at the AlGaN/GaN hetero interface due to the polarization effect [25, 26]. It has 
high sheet electron concentration (ns) in the order of ns~10
13 cm-2 very high electron 
mobility, µe~1550 cm
2/V-s [27]. These allow very low specific on resistance (Ron), high 
drain current and wide band gap (~3.4eV) to achieve high breakdown voltage (VBR) and 
good thermal stability over Si technology [28, 29]. Substrates used for these lateral  
 
 
Figure 1.5 Applications of GaN based power switching transistors [3]. 
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devices are mainly Sapphire, SiC, bulk GaN and Si [30]. SiC is the choice among these 
substrates due to its higher thermal conductivity and high degree of lattice matching with 
GaN. But the high cost and small size restrict its widespread commercial applications [8]. 
Sapphire is another option with less expense but its thermal conductivity is very poor. 
Therefore, Si, which is very cheap and has reasonably good  thermal conductivity, 
encouraged different vendors to adopt it as a choice of substrate materials [28].  Table 1.2 
shows comparisons of different substrates used for GaN HEMT technology [8]. 
One of the key metrics to characterize the power performance of these 
AlGaN/GaN HEMTs is breakdown voltage. Though wide band gap of GaN (~3.4eV) 
ensures high critical electric field (Ec~3.3 MV/cm), the breakdown voltage in these lateral 
type HEMTs also depends on the gate to drain separation (LGD) and scales almost linearly 
with LGD and reasonably maintains the relationship, VBR = Ec × LGD [31, 3]. 
Table 1.2: Comparison of GaN epitaxy on common substrate materials 
Points to be considered SiC Sapphire Si 
Lattice constant mismatch 
3.1% 15% 17% 
Linear thermal expansion coefficient 
(×10-6 K-1)    (GaN value = 5.6) 
4.16 (c-axis) 7.5 2.6 
Thermal conductivity (W cm-1 K-1) 
3.8-4.9 0.25 1.56 
Typical epitaxial GaN dislocation 
density 
>108 cm-2 >108 cm-2 >109 cm-2 
Cost 
Expensive Less expensive Cheap 
 
The peak electric field occurs at the drain edge of the gate and leads to 
breakdown. Hence, higher breakdown voltage demands large LGD. After the report of 
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1.6kV lateral GaN based HEMTs in 2006 for LGD~20 µm, which translates to an electric 
field value~0.8 MV/cm. [31], much research efforts paid off to increase the voltage 
blocking capability. These include field plate inclusion at the gate to suppress the peak 
electric field to enhance breakdown voltage using integrated slanted field plate, Y. Dora, 
et. al. achieved VBR~1900V, which involves complicated process technology [32]. In the 
case of large gate to drain separation approach the penalty is drain current degradation 
[33]. More recently, Nicolas Herbecq, et. al., achieved VBR~2 kV using novel substrate 
removal technologies which involves very sophisticated and complex processing 
technology [17]. Also, very clear current degradation is observed in this process. Several 
groups reported back barrier approaches to enhance breakdown voltage [34, 35]. This 
demands very optimized growth calibration. Also, back depletion from the back barrier 
reduces drain current. All these approaches are used to achieve high breakdown voltage 
accompanied by their own shortcomings. Susai Lawrence Selvaraj, et. al. demonstrates a 
smart way to enhance breakdown voltage by using 7µm GaN (25nm) / AlN (5nm) buffer 
layer followed by 2µm GaN [33, 36]. The idea behind this is to reduce the defected levels 
mainly by threading dislocation density in the channel layer, which causes excess leakage 
current. From their fully passivated device, they obtained VBR~403V for LGD~3µm which 
corresponds to a breakdown field value of ~1.3 MV/cm. This suggests that designing 
appropriate buffer and channel layer can reduce the defect count thus enhance the 
breakdown voltage.  
Along with high breakdown voltage, high drain current is another important 
metric for power devices which primarily depend on 2DEG density and electron mobility 
[37, 38]. 2DEG density can be increased by increasing the polarization effect between the 
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barrier and channel [38-38]. This can be achieved by increasing Al mole fraction of the 
AlxGa1-xN barrier. Zimmerman, et.al. demonstrates a novel AlN/GaN based HEMT with 
2.3 A/mm current [39] with very thin AlN as barrier. Very recently AlN or high Al mole 
fraction AlGaN based barrier were also adopted by several groups, Sandia National 
laboratories and University of South Carolina in the USA and a few research groups in 
Japan [40,41, 42].  Creating Ohmic contact on AlN or high Al mole fraction (x > 0.3) 
AlxGa1-xN layer for state of the art HEMT technology is still under continuous research 
[40, 42, 41]. Using Al0.83In0.17N as the barrier on GaN is another way to increase the drain 
current originally proposed by Kuzmik [43]. Al0.83In0.17N is a lattice matched structure 
with GaN but it ensures higher 2DEG density than conventional AlGaN barrier due to 
large spontaneous polarization effect [16, 43]. These lattice matched structures also 
increase device reliability due to the absence of any crystal deformation [16]. Excellent 
Ohmic contact can be achieved on this Al0.83In0.17N barrier [44] but this barrier scheme 
suffers from excessive gate Schottky leakage current which is not suitable for power 
devices [45, 23]. The multi finger approach is another technique for increasing currents 
[46]. But these approaches of achieving high current is often paid off by high gate 
Schottky leakage current and low on to off current ratio (ION/IOFF) [27].  
It is widely accepted that Schottky barrier height (ØB) is one of the key factors 
that affect gate Schottky leakage current [47]. Low Schottky barrier height increases the 
leakage current [45,47]. Along with ØB, defects which originates from crystal growth, is 
very crucial factor that affect gate Schottky leakage current [48, 49]. These defects act as 
conducting paths and lead to gate leakage current, which also lower breakdown voltage 
by hot-carrier induced impact ionization [49, 50].  Also, excessive gate Schottky leakage 
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current increases off state power loss and reduce power efficiency [51]. The 
characteristics of the gate Schottky can be significantly improved by using a proper gate 
insulator such as Al2O3, SiN, SiO2, Zr2O2 or Hf2O2 to minimize the gate Schottky leakage 
current [8, 52]. Recently, Ogyun Seok et. al. reported AlGaN/GaN MOSHEMT 
employing RF sputtered 15 nm Hf2O2 as gate insulator over 3nm i-GaN cap layer which 
results in leakage current in the order of ~ 65pA/mm where conventional HEMT exhibits 
gate Schottky leakage current in the order of ~µA/mm at room temperature [53, 27]. In 
this report, HEMT structures under test contain multiple layer stacks which involve 
growth complicacy [53]. Though providing very high ION/IOFF~10
10, the drain current is 
only 0.35 A/mm where the bench mark current for GaN channel HEMTs is considered as 
1A/mm [54, 55]. The widely pronounced issue with high current in these GaN channel 
based HEMTs is the self-heating, which causes significant current drooping due to 
channel electron mobility degradation for raising channel temperature [27, 56]. Self-
heating can be mitigated using flip chip technology which requires very complicated 
process technology or using high thermal conductivity SiC substrate which increases cost 
[57, 58, 8]. Thermal management is another external mean to maintain stable operation 
under high temperature.  These ultimately increase the system cost, size, weight and 
requirement of additional wiring [7, 9]. Figure 1.6 shows a typical GaN based power 
transistor applications require thermal managements.  
14 
 
(a)        (b) 
Figure 1.6 (a) High efficiency DC-DC boost converter prototype based on GaN transistor 
technology developed by APEI [59]. (b) 4-kW three-phase inverter evaluation kit 
developed by Transphorm [59]. 
 
              In contrast to lateral structures vertical structures offer small chip size, high 
breakdown voltage than lateral devices and current collapse free operation which are 
highly suitable for high power applications [20, 7]. Although GaN based vertical devices 
have greater promise as high power devices, the speed of development is very slow due 
to lack of high quality free standing GaN substrate which is very expensive [7]. Cost and 
complicated process technology are also an issue. Although several reports on GaN 
vertical transistors have already published showing greater promise as high power device, 
many identified problems in the process technology and low crystal quality causing 
vertical structure technology to be less matured and highly expensive compared to lateral 
structure technology [60, 61, 62]. 
1.4 Problem Identification and Technical Approach 
Significant progress has been made on GaN based power switching devices 
showing superior Ron-sp-VBR characteristics over Si and SiC owing to wide band gap (3.4 
eV). Wide band gap ensures high critical electric field which is the most important metric 
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that determines the performance of power switching devices. For capturing most of the 
aspects of unipolar power switching devices mainly two figures of merit are used. These 
are mainly Baliga’s figure of merit (BFOM) for vertical devices and lateral figure of 
merit (LFOM) for lateral devices, expressed by equation 1.3 and 1.4 respectively [9]. 








        (1.3) 





2        (1.4)  
Here, 𝜇𝑛 is the bulk electron mobility and 𝜇𝑐ℎ is the channel electron mobility, for a 
heterostructure 𝜇𝑐ℎ is the mobility of electron in two dimensional electron gas. From the 
expression of BFOM and LFOM it is clear that for both cases the left hand side of 




 which is considering as the figure of merit (FOM) ratio for 
power semiconductor devices. This FOM ratio is proportional to the cube of the critical 
electric field for BFOM and square of the critical electric field for LFOM. This shows 
very strong dependency of FOM on critical electric field. This critical electric field is a 
strong function of materials’ band gap. Jerry L. Hudgins et. al showed the relation 
between band gap (EG) and critical electric field as follows. 
  𝐸𝐶 = 1.73×10
5(𝐸𝐺)
2.5 (for direct band gap)       (1.5) 
  𝐸𝐶 = 2.38×10
5(𝐸𝐺)
2 (for indirect band gap)       (1.6) 
Combining equation 1.3 to 1.6, it is clear that BFOM scales between 6 to 7.5th power and 
LFOM between 4 to 5th power of band gap. For conservative calculation, if considering 
that EC scales 2























times higher than Si!  
It translates that for vertical devices Ron-sp for GaN based devices are 870 times 
lower than that of Si based devices and for lateral devices Ron-sp for GaN based devices 
are 91 times lower than that of Si based devices for the same operating conditions. 
Therefore, for a specific breakdown voltage and operating current the on state conduction 
loss 𝐼𝑜𝑛
2 𝑅𝑜𝑛−𝑠𝑝 loss would be very significantly minimized in GaN based devices relative 
to Si based devices. This high FOM ratio essentially improves power conversion 
efficiency of converters utilizing GaN based power devices while comparing with Si 
based devices. The main reason behind this is the high critical field of GaN over Si which 




 ) will be higher if the 
band gap is wider. The conduction loss, 𝐼𝑜𝑛
2 𝑅𝑜𝑛−𝑠𝑝 is dominant for low frequency 
operations. But for high power high frequency operations involve switching loss in 
addition to the conduction loss. In this case, the high frequency power system is 
characterized by Baliga’s high frequency figure of merit (BHFOM) which is expressed as 
[63] 




1.5          (1.7) 
Here, VG is the gate voltage and other symbols have their usual meaning. From 
the expression of BHFOM it is seen that BHFOM depends on square of critical electric 
field. Using 1.7 and conservatively considering 𝐸𝐶 ∝ 𝐸𝐺
2, it is easy to show that BHFOM 
(GaN) is 91 times higher than BHFOM (Si) and 1.3 times higher than BHFOM (SiC) 
considering all other things being equal.  
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2 [63], it translates that due to having higher critical electric field, GaN based 
devices exhibit 98% lower switching loss than Si based devices and even it exhibits ~ 
25% lower switching loss than SiC based devices. Another important figure of merit that 
characterizes the Radio Frequency (RF) performance is the Johnson’s figure of merit 




         (1.8) 
It shows that JFOM is directly proportional to the critical electric field. Using the 
JFOM expression of 1.4.6,1.8, it can be shown that JFOM for GaN is 400 times higher 
than Si and ~2 times higher than SiC.  
Other than the improvement of device performance by achieving high FOM, there 
is concentrated effort to reduce the converter size and hence increasing power density 
with reduced cost. Modern power electronic converter performance is affected by large 
passive and cooling elements [9, 63, 64]. It is not favorable for increasing power density 
and hence reducing manufacturing cost. Power devices with higher frequency capability 
can reduce the size of passive elements [9, 63, 64]. This can be achieved by reducing 
device chip area. Reduced chip area will reduce device input capacitance and hence will 
increase high frequency switching capabilities. Additionally, smaller foot print of the 
device will also reduce the size of heat sink. In order to evaluate the materials’ quality for 
making devices with reduced chip area, the assessment can be characterized by 
HCAFOM figure of merit which is expressed as below [64], 
   𝐻𝐶𝐴𝐹𝑂𝑀 = 𝜀√𝜇𝐸𝐶
2         (1.9) 
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Larger the HCAFOM value the smaller is the chip area [64]. From the HCAFOM 
expression in 1.9, it is seen that this figure of merit depends on square of critical electric 
field. Conservatively considering 𝐸𝐶 ∝ 𝐸𝐺
2 and assuming all other parameters being 
equal, using this expression it can be inferred that devices made by GaN can have 91 
times lower chip area than Si and ~1.5 times lower chip area than SiC if designed for 
similar operating condition. This suggests that materials having high critical electric field 
can be suitable to design devices with smaller chip area hence to achieve dramatic 
improvement in converters size, weight and volume. This ultimately will increase the 
power density and will reduce cost.  
Based on the discussion made above few critical scopes where further 
improvement will bring dramatic change in power electronic industry are 





ii. Minimizing power switching loss 
iii. Increasing power density 
Considering equation 1.3 to 1.9, it is very clear that power semiconductor device 
switching performance and power density of power electronic converter system are very 
strongly dependent on materials critical electric field. In order to minimize the power 
losses in power FETs hence to improve power conversion efficiency of modern power 
electronic converters with minimized size, weight and volume, it is an urgent need to 
achieve high FOM discussed above. It is evident that all these points of considerations 
fundamentally depend on critical electric field. Higher critical electric field can confirm 
higher degree of electrification in size, weight and power (SWaP) constrained 
environment. It is, therefore, necessary to consider other semiconductor materials having 
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critical electric field beyond 3.3 MV/cm (for GaN) to design devices with very high FOM 
ratio for achieving low loss power conversion systems in low cost platform. At this point, 
it becomes very important to change the research focus from the existing materials and 
devices to an emphasis on mainly qualification enhancement and cost reduction [9]. It 
demands research emphasis on materials with band gap beyond 3.4 eV (for GaN) to 
enable the next leap frontward to enhance performance of power semiconductor devices 
for power electronic applications.  
However, other than GaN, the other two members of III-nitride family are InN 
(EG ~ 0.7 eV) and AlN (EG ~ 6.2 eV) [65]. As critical electric field is a strong function of 
band gap, following equation 1.5, the theoretically predicted critical electric field for AlN 
is 4-5 times higher than GaN. Therefore, any alloy (AlxGa1-xN) making using these 
binary materials- GaN and AlN should have high critical field than GaN for x > 0 where 
x is the AlN mole fraction. The bandgap of this alloy varies linearly with Al mole 
fraction (x) and can be expresses as [65], 
𝐸𝐺(𝐴𝑙𝑥𝐺1−𝑥𝑁) = 𝑥. 𝐸𝐺(𝐴𝑙𝑁) + (1 − 𝑥). 𝐸𝐺(𝐺𝑎𝑁) − 𝑥. (1 − 𝑥)   (𝑒𝑉)   (1.10) 
The last term of equation 1.10 is for accounting the bowing effect, which is sometimes 
neglected for the sake of simplicity without affecting the accuracy of calculation 
significantly. From Figure-1.7 (a), it is clear that bandgap increases linearly with Al mole 
fraction and hence increasing the critical electric field following the 2.5th power law 
shown in equation 1.5. This opens a novel scope of development of FETs using high Al 
mole fraction AlxGa1-xN channel having high critical electric field than conventional GaN 
(EC ~ 3.3MV/cm) channel. Conventional HEMTs which utilizes AlxGa1-xN/GaN 
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heterostructure with a typical x value of ~0.25. For these AlxGa1-xN/GaN heterostructures 






Figure 1.7 (a) EG and EC as a function of Al mole fraction and (b) Specific on resistance 
versus breakdown voltage characteristics for evaluating figure of merit of different 
materials for designing power electronic devices.  
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If high Al mole fraction (x > 0.3) is used in the channel, in that case for the new barrier 
material the Al mole fraction (y) would be higher than x (Al mole fraction in channel 
AlGaN) which leads to form AlyGa1-yN/AlxGa1-xN heterostructure with y > x. In recent 
days, AlyGa1-yN/AlxGa1-xN heterostructure based HEMTs attracted intense research 
attention to nitride research community as a potential means to develop next generation 




) higher than GaN [9, 40, 66, 
67, 42]. For any material with EG  > 3.4 eV is recently coined as  “Ultra Wide Band Gap” 
material [9]. In that sense, any Field Effect Transistors (FETs) based on channel material 
band gap higher than 3.4 eV is considered as “Ultra Wide Band Gap Field Effect 
Transistors (UWBG-FETs)”. Using UWBG AlGaN as a channel material to design FETs 
are currently considering as very promising approach to achieve very high FOM for 
generation after next  power electronic applications [9,40, 66, 67, 42]. To evaluate the 
potential of these UWBG AlGaN for power electronic applications, Ron-sp -VBR 
characteristics is plotted in Figure 1.7 (b) for different materials. It shows that as mole 
fraction increases from GaN towards AlN, the curves shift to right side. It is very clear 




 is higher for UWBG AlGaN than conventional GaN. It 
means UWBG AlGaN material can results higher breakdown voltage and lower specific 
on resistance than conventional GaN based materials. Low Ron-sp will minimize the on-
state power loss and high breakdown is one of the very important metrics for power 
semiconductor devices for enhancing high power operation, both will be achieved if 
UWBG AlGaN is used as a channel material in designing FETs instead of GaN. The 
figure shows that the way GaN is outperforming Si, by the same way UWBG AlGaN 
shows greater promise over GaN for power electronic applications. If we consider an Al 
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mole fraction of 0.65 in AlxGa1-xN which is typically used as current spreading layer in 
deep UV LEDs [68, 69, 70], we see from figure 1.7 (a) that critical electric field of 
Al0.65Ga0.35N is three times higher than GaN. This tells that Al0.65Ga0.35N have greater 
promise over GaN in designing power semiconductor switches. From the expressions of 
BFOM, LFOM, BHFOM, JFOM and HCAFOM it is seen that all these FOMs strongly 
depend on critical electric field than mobility. Therefore, even though electron mobility is 
lower in Al0.65Ga0.35N by a factor of 4-5 times than GaN [40, 42], stronger dependency on 
critical electric field ensures higher FOM values for Al0.65Ga0.35N than GaN. Considering 
that electron mobility is 5 times lower in Al0.65Ga0.35N than GaN and electron saturation 
velocity is comparable with GaN [71,72]. The estimated FOM values normalized to GaN 
shown in Table 1.3. It is seen that Al0.65Ga0.35N exceeds GaN for all kind of FOMs and 
shows its superiority over GaN as a potential channel material to design FETs for power 
electronic applications. From the estimated values of LFOM and BFOM it is evident that 
Al0.65Ga0.35N channel based devices will have ~50% less conduction loss for lateral 
devices and ~ 80% less conduction loss for vertical devices as compare to GaN channel 
based FETs. The BHFOM values show that for high power and high frequency switching 
applications Al0.65Ga0.35N channel based FETs will have ~35% less loss than GaN 
channel based FETs. In case of RF applications Al0.65Ga0.35N channel based FETs 
performance is expected to be three times better than GaN channel based FETs deduced 
from estimated JFOM values. The HCAFOM values are listed at the bottom of the table 
1.3. It tells that Al0.65Ga0.35N channel based FETs will have 50% less chip area than GaN 
channel based devices. That means power density will be doubled in case of Al0.65Ga0.35N 
channel based FETs as compare to GaN channel based FETs. 
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Table 1.3: Comparison of FOM normalized to GaN 
FOM GaN Al0.65Ga0.35N 
BFOM 1.0 5.5 
LFOM 1.0 2.0 
BHFOM 1.0 1.5 
JFOM 1.0 3.0 
HCAFOM 1.0 2.0 
 
It will also reduce the size of cooling and passive elements which is cost effective. 
Higher critical electric field along with higher HCAFOM value as compare to GaN 
increased the suitability by a factor of 2 for Al0.65Ga0.35N channel based FETs in SWaP 
constrained environment. The FOM values will increase further with the increment of Al 
mole fraction in AlxGa1-xN. Till now the discussion is made on the possibilities of 
UWBG AlGaN or high Al content AlGaN to achieve high FOM. High Al content AlGaN 
(x > 0.6) is using as the current spreading layer in deep UV LEDs [68, 69, 70]. In these 
kinds of emitter type photonic devices the wave length (λ) is related to the band gap 
energy by the equation of 1.11 [70], 
    𝜆(µ𝑚) =
1.24
𝐸𝐺(𝑒𝑉)
       (1.11) 
Figure 1.9 shows how band gap and corresponding wave length varies as a function of Al 
mole fraction in AlxGa1-xN. It is seen that in the DUV wave length range (0.2-0.28µm) 
the corresponding band gap energy range is 6.2 - 4.42 eV. It is also possible to engineer 
the relation among EG, λ and x   in a novel way, where these UWBG AlGaN (EG > 3.4 
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eV) will be subjected under DUV wave length with photon energy (EP) ranges from 6.2-
4.42 eV and consequently absorbed by the active layer designed by UWBG AlGaN.  
The photon absorption maintaining the condition of Ep > EG will generate extra 
electrons in the conduction band and will give rise in device current with a gain of extra 
electrons. Therefore, these UWBG AlGaN based materials have the potential to design 
DUV detectors which have numerous government and commercial applications. These 
include furnace gas-control systems requiring the solar-blind UV detection of the pilot-
gas flame emission in the presence of significant visible and IR emission from a very hot 
background [73]. Aerospace and harsh-environment detection systems also require the 
sensing of the UV emission from their plumes in the presence of large amounts of visible 
and IR radiation [73]. Solar-blind UV detectors allow the monitoring of UVC laser 
signals in the presence of visible room light [73]. 
 
 
Figure 1.9 Variation of band gap (EG) and wave length (λ) as a function of Al mole 
fraction (x).    
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Theoretical possibilities show that UWBG AlGaN materials are an emerging class 
in designing FETs and can outperform conventional GaN based devices by achieving 
high FOM. Therefore, development of UWBG AlGaN based FETs in low cost platform 
is necessary for enabling low loss and efficient converters for power electronic 
applications. Simultaneously, using UWBG AlGaN can open-up a new option to use 
electronic and photonic devices on the same chip thus creating a possibility to open a new 




MOCVD GROWTH AND CHARACTERIZATION OF ULTRA WIDE BAND GAP 
ALGAN BASED SINGLE AND DOUBLE LAYER EPI STRUCTURE 
 
Ultra Wide Band Gap AlGaN based field effect transistors design, fabrication and 
characterization towards which the entire dissertation is focused need supply of quality 
AlGaN epilayers. These epilayers are grown on Sapphire by Metal Organic Chemical 
Vapor Deposition (MOCVD) in Photonics and Microelectronics Laboratory at University 
of South Carolina. To assess the quality of these high Al mole fraction epilayers, 
continuous characterization is required. Thanks to the growth team for their helpful 
collaboration in these regards. This chapter starts with discussion on the basic principle of 
MOCVD growth of AlGaN epilayers used in this work. Single layer and double layer epi 
structures were grown on DUV LED templates. Different characterization techniques 
such as X-Ray diffraction, atomic force microscopy, reciprocal space lattice mapping, 
optical transmission measurement, eddy current based contactless sheet resistance 
mapping and mercury probe capacitance-voltage are discussed with the relevant test 
results of epi structures used in this dissertation in the material characterization section.  
2.1 MOCVD Growth of Ultra Wide Bandgap AlGaN Epilayers 
Principally MOCVD is a kind of Chemical Vapor Deposition (CVD) technique. In 
this growth technique Metal Organic (MO) compounds are used as reactants. In CVD, 
formation of solid material deposition on a substrate is taken place through chemical 
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reactions which convert the vapor phase into solid phase. The chemical reactions are 
performed under external energy such as heat, plasma or ion beam [74]. Though CVD is 
a complex process but it can be simplified into several steps as follows to get the basic 
concept underlying this process [74]. Figure 2.1 shows the simplified illustration of the 
process. 
1. Transport of precursors to the growth zone; 
2. Gas-phase reactions of precursors in the growth zone producing reactive 
intermediates and by-products;  
3. Mass transport of reactants to the substrate surface;  
4. Adsorption of reactants on the substrate surface;  
5. Surface diffusion to growth sites;  
6. Nucleation, and surface reactions leading to solid formation;  
7. Desorption and mass transport of decomposed fragments away from the growth 
zone;  
8. Exhaust to the pumping system. 
 
Figure 2.1 Simplified Illustration of CVD process [74]. 
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For ternary III-nitride such AlGaN growth, MO precursors such as trimethylaluminum  
(TMAl  or  (CH3)3Al)  and trimethylgallium (TMGa or (CH3)3Ga)) together with hydride 
gas such as ammonia (NH3) are used as main reactants. TMAl and TMGa supply the 
group-III elements (Al and Ga) and NH3 supplies group-V elements (N). The metal-
organic precursors are diluted in large flows of purified hydrogen (H2) that acts as carrier 
gases and deliver the metal-organic precursors to the heated growth zone. The 
generalized chemical reactions involved in MOCVD growth of binary III-nitride (AlN, 
GaN or InN) are described as below [75].  
(CH3)3M+NH3 MN+3CH4         (2.1) 
Following equation 2.1, the simplified generalized equation for ternary AlGaN growth 
can be 
(CH3)3M1+(CH3)3M2+2NH3 M1 (x)M2(1-x)N + 6CH4+ byproduct gases     (2.2) 
where M is a group III metal element (Al, Ga, In).  For AlGaN growth, M1 and M2 are Al 
and Ga respectively. Here, “x” represents the mole fraction of M1 in the M1M2N ternary 
III-Nitride. For ensuring high “x” value to grow UWBG AlGaN, the flow rate of TMAl is 
kept higher than the conventional Al0.25Ga0.75N. It would be expected that monomethyl 
radicals and atomic metal atoms form by braking  M-C bonds,  which  then  can  react  
with nitrogen containing species (NH3 and/or N3-x) at the surface and contribute to the 
growth [76-79]. For doping, different precursors are used such for n-type doping, the 
commonly used precursor is Silane (SiH4) which supplies Si to grow n-doped layer. For 
p-type doping, the commonly used precursor is Biscyclopentadienyl-magnesium 
(Cp2Mg). A typical MOCVD growth reactor is shown in Figure 2.2. 
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Figure 2.2 Schematic of a typical MOCVD reactor [80]. 
 
Heteroepitaxy of III-Nitrides on Sapphire substrate by MOCVD suffers by 
threading dislocations originates from thermal expansion coefficient and lattice mismatch 
between Sapphire and epilayers [79,80]. Dislocations are highly undesirable for devices 
as they degrade device performance. Defects from dislocation increase gate leakage 
current, reduce breakdown voltage and also reduce power switching efficiency [23]. 
Usage of AlN as nucleation layer between substrate and epilayers can reduce the 
dislocation density [79]. For conventional III-nitride based FETs thin AlN nucleation 
layer with thickness ~200-500 nm is used to minimize the detrimental effect of threading 
dislocations [41,52,81]. It is found that reduction in dislocation density is obtained by 
increasing the AlN buffer layer thickness [81]. Most recently, Sandia National 
Laboratory employed 1.7 µm of AlN buffer layer in designing FETs [40]. Besides, 
electronic devices like FETs, photonic devices are also highly sensitive to the worse 
30 
effect of dislocations. Say for example, in DUV LED devices defects due to threading 
dislocations is one of the greatest concerns. In DUV LED devices these defects are 
considered as the main enemy. DUV LED devices uses AlN buffer over Sapphire with 
thickness ~3µm to reduce the threading dislocations for increasing the quantum 
efficiency [82, 86]. From that point of view, in designing FETs, using DUV LED 
template containing AlN buffer thickness in the range of ~3 µm could be considered as a 
very promising step in developing power semiconductor FETs.  
In this work, the DUV LED template is employed to develop next generation 
UWBG AlGaN based FETs. Moreover, thick AlN can also reduce the thermal impedance 
[80]. Therefore, thick high quality AlN is expected to act as heat sink also.  
    
 
Figure 2.3 Single Layer epi structures are shown in Structure (i) and (ii). Double Layer 
epi structures are shown in structure (iii) and (iv). Epilayer structure (i), (ii), (iii) and (iv) 
are expressed as S1, S2. S3 and S4 respectively.  
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For this, past growth calibration for DUV LED templates developed by our group 
has been utilized in this work. The high quality 3µm AlN-(0001) Sapphire template was 
grown by Low Pressure MOCVD. The growth temperature was close to 1250-1300 oC. 
the crystal quality which is reflected from the broadening of X-Ray line width is also 
measured using X-Ray Diffraction technique and is discussed in section 2.2. Surface 
roughness of this template has been determined using atomic force microscopy and is 
explained in section 2.3. Prior to growing the active layers for device operation, highly 
resistive i-AlGaN layer with thickness ~ 0.5-0.6µm was grown pseudomorphically over 
3µm AlN buffer like past DUV LED structure developed by our group. The objective of 
this pseudomorphically grown structure is to make sure defect density in epilayer to be 
close to the AlN templates [70]. The pseudomorphic growth is confirmed by Raciprocal 
Space Lattice Mapping (RSLM) which is discussed in section 2.4. This is the basic 
epilayer construction (pseudomorphic i-AlGaN on 3µm AlN/(0001) Sapphire) which is 
common in different device structures used in this dissertation. Based on the device type 
the epilayers are categorized into two types- (i) Single layer epi structures where Al mole 
fraction is same in all AlGaN layers grown on thick AlN and (ii) Double layer epi 
structures where Al mole fraction varies in different AlGaN layers grown on thick AlN. 
Single layer and double layer epi structures are used to design UWBG AlGaN based 
Metal Semiconductor Field Effect Transistors (MESFETs) and High Electron Mobility 
Transistors (HEMTs) respectively. Figure 2.3 (i) and (ii) show the single layer epi 
structures. For structure (i), the thickness and doping are used as 30 nm and 3×1018 cm-3 
respectively. But the top channel layer (n-Al0.5Ga0.5N) is grown by Selective Area 
Growth (SAG) technique by MOCVD. The detail about it will be discussed in chapter-3. 
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This structure is mainly used to achieve the basic transistor action from this design and to 
know about it its optical responsivity for DUV wave length. The motivation behind this is 
the band gap of UWBG AlGaN which shows promise to detect DUV wave length. This 
requires the information about absorption edge which is confirmed by Transmission 
measurement and is discussed in section 2.5. As Al mole fraction > 0.5 increases the band 
gap, the next single layer epi structure is the structure (ii), where n-Al0.65Ga0.35N channel 
is used for designing MESFET to study the high temperature performance of UWBG 
AlGaN based FETs. The thickness and doping of this layer are 150 nm and 1×1018 cm-3 
respectively. The channel is intentionally kept thicker for ensuring large channel cross 
section hence to reduce channel resistance. As making ohmic contact on high Al mole 
fraction epilayer is difficult, SAG technique is used to grow graded AlGaN layer (x=0.65 
to 0) by MOCVD so that metal can create contact with GaN which is more favorable to 
increase contact linearity. At the early stage of UWBG AlGaN based FETs these two 
different single layer epi structures gave very important information about the prospect of 
UWBG AlGaN in terms of optical and thermal stability, these are discussed in detail in 
chapter 4. Next, we developed double layer epi structures these are mainly employed in 
designing High Electron Mobility Transistors (HEMTs). Structure (iii) and (iv) of Figure 
2.3 shows the double layer epi structures. Structure (iii) employs undoped i-Al0.85Ga0.15N 
barrier. Using undoped barrier is a common trend in designing Al0.25Ga0.75N/GaN HEMT. 
Structure (iv) employs doped barrier n-Al0.85Ga0.15N layer. The objective is to study the 
doping effect on device current. These UWBG AlGaN based double layer epi structures 
employed to design HEMTs show very promising results in terms of gate leakage, 
thermal stability, switching ratio and breakdown voltages. Even the device current 
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obtained is the highest till to date among UWBG AlGaN based FETs. Both types, single 
and double layer epi structures are also tested for sheet resistance mapping based on 
contact less eddy current method. Section 2.6 discusses about these. Finally, Mercury 
probe C-V measurement was performed on both kind of epi structures to understand their 
capacitance and depletion profile which are discussed in detail in section 2.7. 
2.2 Material Characterization 
2.2.1 X-Ray Diffraction 
       X-Ray Diffraction (XRD) is one of the popular nondestructive characterization 
techniques to determine the epitaxial parameters related to crystallographic structures 
[70]. XRD technique gives us the information about the crystalline quality of material, 
stress type, dislocation density, epilayer thickness, chemical composition, lattice constant, 
lattice mismatch etc. [83]. X-ray used for diffraction of wave from crystal utilizes the 
wavelength in the range of ~0.5-2.5 Ao[83]. In this work, the X-ray wavelength used is 
1.54Ao. Here, X-Ray is generated in the X- 
 
Figure 2.4 Schematic of simplified X-ray diffraction mechanism. 
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Ray tube by heating of a filament then it passed through the monochromator to select the 
required wavelength. After that this selected wave is hitting the sample surface. The X-
ray wave is diffracted from the sample and is collected by the detector. This diffraction 
can be easily explained by two parallel lattice planes separated by a distance “d” 
subjected under X-ray wave. Assuming two X-ray waves are falling on the surface of two 
parallel lattice planes showing in Figure 2.4. Part of first wave (wave-1) will be diffracted 
from the top plane and another portion will penetrate and diffracted from the bottom 
plane. Same is true for second wave (wave-2). For the sake of simplicity, we will just 
consider that wave-1 will diffract from top plane and wave-2 will diffract from the 
bottom plane. Certainly, wave-2 has to travel longer path. The extra path that wave-2 has 
to travel is “dsinθ” showing Figure 2.4. This path length difference (PLD) creates phase 
difference between two waves. If the PLD is such that the diffracted waves from plane-1 
and plane-2 are out of phase then two diffracted waves will experience destructive 
interference. But If the PLD confirms that the diffracted waves from plane-1 and plane-2 
are in phase then two diffracted waves will experience constructive interference and 
collected by the detector to translate into some graphical patterns. The condition for 
constructive interference is expressed by Bragg’s law given in equation 2.2.1.1. 
nλ=dsinθ         (2.3)  
where, “n” is any positive integer, “λ” is the wavelength of X-ray, “θ” is the incident 
angle and “d” is the distance between Bragg’s plain (here distance between plane-1 and 
plane-2). The diffraction pattern is analyzed to understand the crystal property. Say for 
example, the crystal which has some imperfections may contain distortion in the lattice 
that will result in a variation in the plane spacing around the dislocation. Because of that 
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when this imperfect crystal is gone through the X-ray, Bragg’s condition will be satisfied 
at angles slightly different from the angle for a perfect crystal. This is observable as a 
broadening of the diffraction peak in a scan of diffracted intensity versus θ. The defects 
in the AlGaN materials are mainly dominated by the threading dislocations, particularly 
those threading dislocations which are perpendicular or near perpendicular to the growth 
direction [78]. For that reason, X-Ray diffraction will mainly be studied in (102) lattice 
planes of crystal which are inclined relative to the surface of the sample [78]. In that case 
broadening of the (102) diffraction peak is the indicator of figure of merit of crystal 
quality [78].  The breadth of the peak is quantified by its full width at half maxima 
(FWHM). Smaller FWHM indicates fewer dislocations and better crystal quality. Figure 
2.5 shows the off-axis 102 scan of the 3µm AlN on Sapphire. The FWHM for these DUV 
template is ~334 arc sec. It is found that for 2µm AlN on Sapphire exhibits FWHM ~350 
arc sec. This translates the overall defect density ~ 2×108 cm-2 [79].  
 
Figure 2.5 XRD (102) scan of 3µm AlN on Sapphire template. 
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Earlier works showed that increased AlN thicknesses also reduces the FWHM which is 
an indication of high crystalline quality. For 3 µm AlN which shows FWHM ~334 arc 
sec should translate this defect count in the range of 1-2 ×108 cm-2 which is almost 2 
order of lower  defect density as compared to conventional AlGaN/GaN HEMT on 
Sapphire [81,84,85]. 
2.2.2 Atomic Force Microscopy 
Atomic Force Microscopy (AFM) is used to get surface topography of wafers. 
This is a nondestructive method of doing surface morphological analyses. AFM 
technique is routinely using evaluating surface morphologies like surface pits, grain 
boundaries, surface atomic steps etc. for optimizing growth and sometimes device 
processing steps. The basic operating modes of AFM are contact mode, non-contact 
mode and tapping mode. Among these, tapping mode is popular as it is free from some 
problems associated with other two methods. In AFM, a sharp tip connected with a 
microcantilever is scanning across the sample surface. This tip is very sharp and 
comparable with atomic dimension to ensure better resolution, which is around 0.1 nm 
[83]. This resolution is in the range of atomic size. While the tip scanning over the 
surface, the tip comes near surface atom. This is analogous to compare two separate 
atoms are in the vicinity of each other. When two atoms are approaching to each other, 
initially due to Van der Waals force there is an attractive force working between them. As 
these atoms comes more close to each other, a repulsive force start acting between them. 
A distance comes when repulsive force start increasing and at a certain distance comes 






Figure 2.6 (a) Van der Waals force versus distance graph between two atoms. (b) Basic 
Operation of Atomic Force Microscopy Process [86]. 
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After that more the atoms come closer to each other repulsion force increases very 
sharply. Similar type of situation arises while the tip scanning over the surface. The 
relation between the force and distance is shown in Figure 2.6 (a). In AFM, this small 
force is measured using this tip on a resonating cantilever. This tip is driven by a 
piezoelectric scanner. This piezoelectric scanner always maintains a constant spacing 
between the tip and sample surface through a feedback system connected with a 
computer. The spacing is maintained in such a way that reducing the spacing results more 
attraction and vice versa [78]. This is referred as “tapping mode” or “intermittent contact 
mode” of operation where the tip is intermittently coming in contact with the sample 
[78]. However, during operation, an alternating electric field is applied to the cantilever 
so that it can oscillate (with amplitude more than 10 nm) while scanning over the sample 
surface with its resonant frequency of about 200 Hz to 400 kHz [70]. During the process, 
the amplitude of oscillation is affected by the atomic force between the tip and surface 
atom.  The change in oscillation amplitude is measured by the deflected laser beam from 
the tip. The deflected laser beam is collecting by a quadrant photodiode. Each section of 
photodiode is able to generate voltage depending on how much light is falling on it.  
Signal from the photodiode is given to a computer to track the motion of the 
cantilever. It has a strong correlation with the surface roughness. Depending on the 
position of cantilever the reflected angle of laser beam on photodiode changes in a wide 
range of variation. So, the deflected laser beam on the photodiode moves not only along 
horizontal direction but also in vertical direction. The wide range of electric signal 
depending on the deflected laser beam from the photodiode translated into images. 
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(a)        (b) 
Figure 2.7 AFM images of 5×5 µm2 surface morphology of 3µm AlN on Sapphire. 
template, (a) 2D surface morphology and (b) 3D surface morphology. 
 
This gives a good topographic map of the surface which quickly tells us about the 
roughness of the surface.  The basic block diagram of an atomic force microscopic 
process is shown in Figure 2.6 (b). Figure 2.7 shows the surface morphology of 3µm AlN 
on Sapphire template obtained by AFM characterization. Figure 2.7 (a) shows the surface 
of thick AlN is very smooth with the root mean square value of roughness of 0.18 nm. 
Both the Figures 2.7 (a) and (b) show the regular line of arrangement of atoms is an 
indication of a high quality material. 
2.2.3 Reciprocal Space Mapping 
Another type of XRD scan is routinely used to analyze the strain in epilayers in 
reciprocal space mapping (RSM). This is carried out by applying ω and ω-2θ scans to 
fulfill an area scan [83]. One of the main purposes of this scan is to be confirmed that 
whether the required epilayers grown on the template is pseudomorphic or not. The 
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epilayers grown pseudomorphically on the templates will contain defect level very close 
to what the templates have [70].  
Reciprocal space mapping of pseudomorphically grown AlGaN on 3 µm AlN on 
Sapphire template is shown in Figure 2.8. It is seen that AlGaN peak is positioned on the 
vertical line drawn from AlN peak. This exact alignment of adjacent peaks indicate the 
top AlGaN layer is fully under compressive stain thus grown pseudomorphically. It 
confirms that the epilayers above AlN template must have defect level very close to AlN 
template.  
 
Figure 2.8 Reciprocal space mapping of pseudomorphically grown AlGaN on 3 µm AlN 
on Sapphire template. 
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2.2.4 Transmission Measurements 
For determining the optical absorption edge of epilayers, transmission 
measurement is a widely-used technique. The principle of light absorption is just 
adopting the theory of any incident light of energy higher than the band gap will be 
absorbed. Before starting the measurement, a blank scan has to be performed for 
necessary corrections. At the time of measurement light is incident on the sample under 
test and the transmitted light is expressed as a function of the incident light wavelength. 
Detail of the procedure can be available to ref. [83] and ref. [87]. Optical absorption edge 
of Al0.5Ga0.5N layer is determined by transmission measurement. Figure 2.9 shows the cut 
off wavelength as 268 nm which corresponds to the absorption band edge energy of 4.62 
eV. It confirms that this epilayer would be able to absorb any wavelength below 268 nm 
which is lying in the range of deep ultra violet wavelength of 200-280 nm [70]. This 
epilayer based devices are further used for deep ultra violet wave length detection and is 
discussed in detail in chapter 4. 
 




2.2.5 Sheet Resistance Measurement 
       In this work, Lehighton contactless sheet resistance (Rsheet) mapping unit is used to 
obtain the sheet resistance mapping of epilayers. The principle is based on the eddy 
current creation on the sample under test. At first the sample needs to be fixed on the 
sample holder consists two vacuum pumped holes then brought into a gap of ferrite cores. 
The measurement starts by flowing radio frequency alternating current thorough the coils 
that circulate ferrite core. Thus, the oscillating magnetic field induces the eddy currents in 
the sample and power absorption occurs in the epilayers. A feedback system is employed 
to measure this power absorption which is inversely proportional to the sheet resistance. 
Relation between the absorbed power (P) and sheet resistance (Rsheet) can be expressed by 
[74], 







         (2.4) 
Where, ET is the rms primary rf voltage, n is the number of primary turns of the core. 
Figure 2.10 shows the measured sheet resistance mapping for structure (i), (ii), (iii) and 
(iv) shown in Figure 2.3. For structure (i), as the n-Al0.5Ga0.5N layer is grown by SAG 
technique, the conventional way of Rsheet mapping will not be applicable for this 
structure. That’s why a flat deposition of this layer is performed on the same wafer. 
Silane (SiH4) gas is used to supply Si as n-type dopant which increase carrier 
concentration in n-doped layers-structure (i), (ii) and (iv). Measured average Rsheet for 
structure (i), (ii), (iii) and (iv) are ~13000, ~3800, ~1950 and ~1800 Ω/sq. 
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(a)        (b) 
    
 (c)                (d) 
Figure 2.10 Sheet resistance mapping of structures shown in Figure 2.1.3. Here (a), (b), 
(c) and (d) indicates Rsheet mapping of structure (i), (ii), (iii) and (iv) respectively. 
 
2.2.6 Mercury Probe Capacitance Voltage Testing 
Mercury-Probe Capacitance-Voltage (Hg-probe C-V) is a nondestructive quick 
testing procedure to get information mainly about charge and depletion scenario of the 
epilayers. In Hg-probe C-V technique two Schottky contacts are formed by Mercury (Hg) 
drops. A vacuum pump is used to push mercury from the tank to the wafer to make 
contacts. One contact has very small area and other one has larger area than the first 
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contact. These two Schottky contacts form two parallel capacitors. Figure 2.11 (a) and (b) 
shows the Hg-probe test setup and the mercury contact with the sample respectively. If 
the small contact forms capacitance C1 and large contact forms capacitance C2 then 
equivalent capacitance is given by equation 2.5. 









         (2.5) 
         𝐶 ≈ 𝐶1         (2.6) 






. Therefore, the 
overall, capacitance would be equal to C1 resulted from the small contact. Moreover, the 
large contact kept under forward bias so that it acts as a quasi-ohmic contact relative to 
the smaller contact. It means most of the voltage will be dropped across the smaller 
contact which is kept under reverse bias (VR) during the test. This test gives us the 
capacitance data against the reverse voltage VR applied across the smaller contact. Along 
with the external VR a small sinusoidal ac voltage, v (50 to 100 mV) of frequency in the 
range of few Hertz to few mega Hertz is also applied to induce incremental charges on 
both sides of the reversed biased junction. These are charge on the metal dQm and charge 
in semiconductor dQs can be related as below [74], 
     𝑑𝑄𝑚 = −𝑑𝑄𝑆         (2.7) 




        (2.8) 












       (2.9) 
Where, A is the area of small contact, d is the depletion width and 𝑁𝑑
+is the ionized donor 
density. Expression for 𝑁𝑑
+ can be derived from equation 2.9 and is given in equation 
2.10 [74]. 
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)−1      (2.10) 
Where, 𝜀𝑠 is the dielectric constant of the semiconductor. Sheet carrier concentration (ns) 
can also be determined when 𝑁𝑑
+ is known as a function of VR. Therefore, ns is expressed 
by equation 2.11 as below. 













From Figure 2.12 (a) it is seen that S2 which has thicker channel layer than S1 shows 
lower capacitance. Also, lower doping is another factor which influences the capacitance. 
As S2 structure consists thicker channel its capacitance goes down slowly with voltages 
as high reverse voltage needs to apply for complete depletion. As the Hg-probe testing 
was performed on uncleaned wafer the native surface oxide which is stronger in high Al 
mole fraction epilayer may also contribute for slow decrement of capacitance with 
voltages. Figure 2.12 (b) shows the depth profile in both structures S1 and S2. From 
depth profile, it is evident that S2 has almost one third of carrier than that of S1 which is 
resulted from intentional doping during MOCVD growth. This is consistent with the 
doping concentration of 3×1018 cm-3 for S1 and 1×1018 cm-3 for S2. As in both cases there 
is a tendency of dropping down of capacitance hence carrier with reverse voltages, it is 
expected that both epilayers can be used to make devices. Depth profile for both 
structures also carry the same message. 
  
 
(a)       (b) 
 
Figure 2.12 (a) Capacitance-Voltage curves for structure (i) and structure (ii) (b) Carrier 
concentration versus depth curves for structure (i) and structure (ii). 
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(a)       (b) 
 
Figure 2.13 (a) Capacitance-Voltage curves for structure (iii) and structure (iv) (b) 
Carrier concentration versus depth curves for structure (iii) and structure (iv).   
 
Figure 2.13 depicts the C-V and depth profile for the double layer structures, S3 and S4 
in (a) and (b) respectively. Figure 2.13 (a) it is seen that the capacitance drops very 
sharply after a certain voltage in both cases is an indicate-on of 2DEG based structure. In 
doped barrier cases (S4) the dropping of capacitance occurs later than the undoped barrier 
structure (S3) due the fact that depletion width is inversely proportional to the square root 
of doping density which requires higher voltage to deplete the 2DEG.The existence of 
2DEG will be more evident from figure 2.13 (b). The peak of carrier distribution occurs 
at ~28 nm, which is in very good agreement with the barrier thickness from MOCVD 




Single and double layer epi structures are utilized to fabricate UWBG FETs. 
Series of experiments were performed through major fabrication steps- mesa creation, 
Ohmic and Schottky contact formation. Selective Area Grown (SAG) mesa and SAG 
graded heterostructure Ohmic contact techniques are also developed. Novel Digital Oxide 
Deposition (DOD) techniques are used to deposit gate insulator and explained with 
results showing its effectiveness as gate insulator. Ohmic contact characterization shows 
that Ti/Al/Ni/Au metal stack creates linear contact on n-Al0.5Ga0.5N. Selective area grown 
graded heterostructure based Ohmic contact shows improved contact linearity for n-
Al0.65Ga0.35N. 
3.1 Mesa Creation 
Mesa creation is an important step in device processing. Creation of mesa island 
of active layer on the sample interrupts the 2DEG between adjacent structures. This 
ensures electrical isolation between two adjacent structures thus confirms suppression of 
leakage current. Mesa also helps to achieve proper turn off voltage of the devices by 
ensuring current confinement within the active region.  Figure 3.1 shows the current 
between two contacts with and without mesa. This shows the mechanism how current 
confines in the designed active region. Figure 3.2 shows the major processing steps of 
creating mesa. To achieve good electrical isolation, it is very important to determine the 
etch depth. It depends on 2DEG position. Typically, the depth is at least 100-200 nm 
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within the channel layer from the position of 2DEG. Due to strong bond energy in III-
Nitride materials, Chlorine based dry etching is used to create mesa. Therefore, Cl2/BCl3 
gas chemistry based dry etching is properly calibrated for different mole fraction based 
AlGaN layer. After cleaning, the sample is spin coated by photoresists with thickness of 
~4.5 µm followed by UV exposure and development. Before loading the sample in 
PlasmaTherm ICP unit it is cleaned in Buffered Oxide Etchant (BOE) to remove any 
native surface oxide. After etching completion the sample is cleaned first in organic acids 
like acetone and isopropanol after that in inorganic solution like NH4OH:H2O, HCl:H2O 
and HF:H2O to remove all kind of surface contamination including surface oxides. Then 
the etching depth needs to check. In this work Dektak surface profilometer is used to 
check the mesa depth. Figure 3.3 shows the Camera image of the surface after doing 
mesa etch and mesa depth obtained from Dektak surface profilometer.  
3.2 Ohmic Contact Formation 
Ohmic contacts of FETs especially HEMTs are crucial quality factor in 
determining device performance. Bad Ohmic contacts adversely affect device 
performance. Good Ohmic contacts are required to obtain high drain saturation current, to 
reduce on- resistance, to minimize the power dissipation in the contacts due to high 
current densities and to obtain high transconductance value which results enhancement of 
unity current gain cut off frequency and maximum frequency of oscillation [88]. By 
definition, the type of metal semiconductor contact in which the current-voltage 
relationship is linear and symmetrical under both forward and reverse bias voltage is 
called Ohmic contact. 
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(a)        (b) 
Figure 3.1 (a) Current flow between two contacts without mesa. (b) Current flow between 




Figure 3.2 (a) Sample under processing (b) Photolithography for mesa (c) Pattern 
Development (d) Mesa formation by ICP etching. 
 
 
   
(a)      (b) 
Figure 3.3 (a) Camera image of surface showing mesa boundary. (b) A typical mesa 
height of a sample.  
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However, in reality if the voltage drop across the contact is negligible compared to 
voltage drop across the semiconductor is considered as Ohmic contact. 
The contact resistivity (ρc) for a high quality metal-semiconductor Ohmic contact should 
be as low as possible. Contact resistivity of metal semiconductor contact corresponding 
to the band diagram given in Figure 3.4 is expressed by equation 3.1 [89]. 






)        (3.1) 
Here, ɸB is the Schottky barrier height, m
* is the effective mass of majority carrier, N is 
the doping density and ρco is the constant depends on metal and semiconductor, other 
symbols have their usual meanings. From equation 3.1 it is evident that ρc is strongly 




if N increases Wd will reduce. In case of metal- semiconductor Ohmic contact, electrons 
have to tunnel through the interface; therefore, Wd is also considered as tunneling width 
of electron in this case. As electron tunneling probability ~ 𝑒−√∅𝐵𝑊𝑑 [67], reduction of ɸB 
and increment of N would result high degree of electron tunneling across the metal-
semiconductor interface and results low contact resistivity. Some cases, such as for ultra 
wide band gap materials like AlN (EG~6.2 eV) the electron affinity (χ) is too low. As a 
result, ɸB which can be defined as [6] 
     q∅B = q∅m − qχ        (3.2) 
shows high barrier height for AlN. Here, ɸm is the metal work function. Moreover, due to 
wide band gap nature it is very difficult to dope the semiconductor [74] that results poor 
metal-semicondcutor interfacial doping. 
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Figure 3.4 Energy band diagram of metal semiconductor (n-type) contact in thermal 
equilibrium. 
 
The combined effect of high barrier and low interfacial doping results in high contact 
resistivity for Ohmic contacts on it. If electron affinity is too low then metal having very 
low work function is required to achieve low contact resistivity. There is no metals with 
work function low enough to balance the effect the of low electron affinity of ultra wide 
band gap materials to achieve low contact resistivity [88]. Making Ohmic contact on 
wide band gap material like GaN or low Al mole fraction (x<0.3) AlGaN is well matured. 
Moreover, doping in GaN or low Al mole fraction layers is also convenient. Therefore, in 
order to achieve low contact resistance sometimes a thin heavily doped GaN layer is 
placed onto AlGaN surface. However, on the context of making Ohmic contact on high 
Al mole fraction AlGaN layer, especially on 2DEG based structures where barrier has 
higher band gap than channel layer, it is important to understand the mechanism of 
Ohmic contact formation. Formation of low resistance Ohmic contact on AlGaN/GaN is 
still considering as challenging task. 
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(a)       (b) 
Figure 3.5 (a) Ohmic contact formation by spiking mechanism. (b) Ohmic contact 
formation by the creation of Nitrogen vacancy. 
 
The widely used metal schemes for making Ohmic contacts are mostly Ti and Al 
based Ti/Al/Ti/Au and Ti/Al/Ni/Au metal stacks. Both have low work function (ΦTi = 
4.33 eV and ΦAl = 4.28 eV) and react with AlGaN to form Ohmic contact at high 
annealing temperature. Sometimes these metal stacks are expressed as Ti/Al/X/Au, where 
X mostly represents Ti, Ni, Pt and Mo. It has been hypothesized that there are mainly two 
mechanisms responsible in making Ohmic contact using these quaternary metal stack.  
According to one mechanism, the Ohmic contact forms by the exchange reaction at metal 
semiconductor interface during high temperature between the metal and underlying 
semiconductor. This results spikes or protrusions that penetrates through the barrier 
beyond 2DEG and directly create link between the metal and 2DEG. Figure 3.5 (a) shows 
this spiking mechanism. The other mechanism suggests that during high temperature 
annealing Ti and Al in the metal stack reacts with the AlGaN and create nitrogen vacancy 
(VN) which acts as donors and causes Fermi level pinning to form tunneling junction 
[90]. Figure 3.5 (b) shows this mechanism of forming tunnel junction by the creation of 
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nitrogen vacancy. In both of these mechanisms each of the metal in the metal stack has 
their own role to form low resistance Ohmic contact. 
Titanium (Ti): Ti can easily react with AlGaN surface at high temperature and form TiN 
due to an exchange reaction mechanism [91]. It is believed that TiN has lower work 
function than Ti, and therefore it can easily assist to achieve low resistance Ohmic 
contact. Ti can also create Nitrogen (N) vacancies at metal semiconductor interface 
which can act as n-type dopant. This lowers the Schottky barrier height and favors the 
electron tunneling. However, the mostly accepted explanation till to date is the 
penetration of TiN protrusions through dislocations during high temperature annealing 
creates electrical link between the metal and 2DEG so that electrons can directly flow in 
both directions [91]. This spiking mechanism is believed to be more efficient than 
tunneling mechanism in order to achieve low resistance Ohmic contact [91-93]. In case of 
UWBG material, the failure in proper penetration of Ti material up to 2DEG is 
considered as an obstacle to make Ohmic contact on high Al content AlGaN in 2DEG 
based system. For 2DEG based system where high Al content AlGaN is used as barrier 
demands metal which have higher ability to penetrate through the barrier and touch the 
2DEG for ensuring electrical link. Zirconium (Zr) draws considerate attention in this 
regard for making improved Ohmic contact with better linearity [41Kuzuhara AlN 
HEMT]. 
Aluminum (Al): At elevated temperature during annealing Al reacts with Ti to form 
Al3Ti which prevents oxidation of underlying Ti layer [88]. Al also reacts with N and 
causes N vacancies at the metal semiconductor interface which increase n-doping at the 
interface to assists electron tunneling.  
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X (Pt, Ni, Ti or Mo): These metals are used to prevent in-diffusion of Au. These metals 
play important role in forming good surface morphology of the contact and contact edge 
definition. Molybdenum is one of the metals which maintain very good edge definition at 
very high temperature annealing due to its high melting point and robustness [37].  
 Gold (Au): The top Au layer prevents oxidation of Ti and Al layer during high 
temperature annealing thus improve contact property [94]. Processing of Ohmic contact 
starts with cleaning the sample in Acetone and Isopropanol for removing organic 
contamination followed by inorganic acid cleaning by 1:4 HF+H2O cleaning for 
removing native surface oxide. Subsequently, the Ohmic region is defined by 
photolithography followed by development. Before metal deposition the sample is 
cleaned in (1:4) NH4OH:H2O, (1:1) HCl:H2O and (1:4) HF:H2O respectively to remove 
residual resist particles and surface oxide from the defined Ohmic window. The metal 
stack is deposited using E-Beam evaporator followed by lift-off process to remove metal 
from out of the defined window. After lift- off process the high temperature annealing is 
performed using Rapid Thermal Annealing unit to create Ohmic contact. The process 
flow of making Ohmic contact is shown in Figure 3.6. Finally, these Ohmic contacts are 
characterized by Transmission Line Method (TLM) to extract contact resistance and 
specific contact resistivity. 
 In this dissertation, Ohmic contact is made on single layer structure (S1 
and S2) and double layer structure (S3 and S4) as a part of processing the devices. Single 
and double layer structures are developed for making MESFET and HEMT devices 
respectively as explained in chapter 2. Figure 3.7 (a) shows the different metal schemes 
used for making Ohmic contact on S1 which has n-Al0.5Ga0.5N on top. The annealing 
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temperature was 870 oC. It shows only Ti/Al/Ni/Au creates Ohmic contact. Other 
material stacks result non linear contacts. The contact resistance estimated from the TLM 
measurement is 40 Ohm-mm shown in figure 3.7 (b). The second single layer structure is 
S2 which has n-Al0.65Ga0.35N layer on top. In this case, as mole fraction is higher, severe 
nonlinearity is observed for the metal stacks of Cr 
(15nm)/Ti(30nm)/Al(120nm)/Ti(40nm)/Au(80nm), 
Ti(40nm)/Al(120nm)/Ni(40nm)/Au(80nm) and Ti(15nm)/Al(70nm)/Ti(30nm)/Au(70nm) 
after annealing at 900 oC. A new approach has been developed to create the Ohmic 
contact on this structure by graded epilayer using regrowth technic. In this case, inside 
the defined Ohmic region graded n-AlxGa1-xN (x=0.65 to 0) was regrown inside the SiO2 
hard mask.  
  
(a)       (b) 
 
Figure 3.6 (a) Contact I-V curve for structure S1 using Cr 
(15nm)/Ti(30nm)/Al(120nm)/Ti(40nm)/Au(80nm),Ti(40nm)/Al(120nm)/Ni(40nm)/Au 
(80nm) and Ti(15nm)/Al(70nm)/Ti(30nm)/Au(70nm). (b) TLM results for 
Ti(40nm)/Al(120nm)/Ni(40nm)/Au(80nm) metal stack on n-Al0.5Ga0.5N. I-V test 




Figure 3.7 (a) Ohmic mask plate with TLM pattern. (b) AlxGa1-xN epilayer for making 
Ohmic contact. (c) Spin coating. (d) Photo lithography (e) TLM pattern development. (f) 
Metal deposition by E-Beam evaporator. (g) Lift-off and annealing. 
 
Detail of regrowth process technic is discussed in section 3.4. Figure 3.8 (a) shows the 
graded n-AlxGa1-xN (x=0.65 to 0) layer which has been regrown inside the Ohmic region. 
Figure 3.8 (b) shows the energy band diagram corresponding to the structure shown in 
Figure 3.8 (a). From the band diagram, it is clear that for undoped case the structure 
contains sufficient hole gas which can prevent developing linear contact. But for the n-
doped case it is clear that conduction band of the graded AlxGa1-xN layer moves toward 
Fermi energy which is favorable in making tunneling contact.  
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(a)       (b) 
 
Figure 3.8 (a) Graded n+-AlxGa1-xN epilayer structure. (b) Simulated band diagram. 
 
In this case the n-doping compensates the free hole gas originated from the fixed negative 
polarization charge due to AlxGa1-xN composition grading. Figure 3.9 (a) shows contact 
I-V curve for different metal schemes. The graded regrown scheme with 
Ti(15nm)/Al(70nm)/Ti(30nm)/Au(70nm) annealed at 900 oC shows significant 
improvement in contact linearity. Moreover, the obtained current is also higher in case of 
graded regrown scheme with mesa while comparing with other metal schemes even 
without mesa. Figure 3.9 (b) shows the TLM results for this graded Ohmic contact 
approach, which shoes the estimated contact resistance as ~ 22 Ohm-mm. Next, Ohmic 
contact has been tried to make on 2DEG based structures. For high Al content layer, 
diffusion of Ti up to 2DEG through the barrier is found to be difficult [41]. Previous 
experience in trying to make Ohmic contact with Ti based metal scheme shows very high 
degree of contact nonlinearity. Very recently it is found that Zr based metal scheme can 
make better contact as compared to Ti based metal scheme [90, 41]. The reason behind 
this is the higher penetration ability of Zr than Ti when anneal at 950 oC [41]. For the 
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double layer structures, S3 (i-Al0.85Ga0.15N barrier) and S4 (n-Al0.85Ga0.15N barrier), 
Zr(15nm)/Al(120nm)/Mo(35nm)/Au(50nm) metal scheme has been used. For this case, 
the annealing temperature is used as like previous study [41].  
  
(a)        (b) 
 
Figure 3.9 (a) Contact I-V curve for different metal schemes comparing with graded 
contact. (b) TLM results for graded Ohmic contact for Ti/Al/Ti/Au metal scheme. I-V 




(a)        (b) 
 
Figure 3.10 (a) Contact I-V curve for different metal schemes comparing i-Al0.85Ga0.15N 
and n-Al0.85Ga0.15N barrier. (b) TLM results for 
Zr(15nm)/Al(120nm)/Mo(35nm)/Au(50nm) based metal schemes on i-Al0.85Ga0.15N and 




Figure 3.10 (a) shows the current-voltage (I-V) curve of the Ohmic contact made on i-
Al0.85Ga0.15N barrier and n-Al0.85Ga0.15N barrier  It is evident that Zr based metal scheme, 
Zr(15nm)/Al(120nm)/Mo(35nm)/Au(50nm) shows appreciable current than 
Ti(15nm)/Al(70nm)/Ti(30nm)/Au(70nm) based metal scheme. The root cause can be the 
high barrier which hinders current flow and results very low current in 
Ti(15nm)/Al(70nm)/Ti(30nm)/Au(70nm) based contact. The origin of this high barrier in 
Ti based metal scheme could be due to less reactivity between the metal layer and high 
Al content AlGaN layer which contains high energy Al-N bond. The enthalpy formation 
value for AlN and GaN are -318.1 and -110.9 kJ respectively [90]. This makes the 
process of breaking nitrogen from Al difficult than Ga. As Al content increases in AlGaN 
layer the number of Al-N bond increases than Ga-N bond and causes difficulty in 
creation of N vacancy. As a result of this, Ti cannot make TiN so easily in high Al 
content AlGaN. Moreover, the decreased reactivity between metal and high Al content 
AlGaN layer also prevent spike penetration formation due to having increased Al-N bond 
concentration [90].On the other hand deeper penetration of Zr [41] through the barrier 
results better contact I-V characteristics. Figure 3.10 (b) shows the TLM results for both 
i-Al0.85Ga0.15N and n- Al0.85Ga0.15N barrier. The estimated contact resistance for i-
Al0.85Ga0.15N and n-Al0.85Ga0.15N barrier layer is 124 and 32 Ohm-mm respectively.  
3.3 Schottky Gate Contact Formation And Gate Insulator Deposition 
 Formation of Schottky gate is a crucial fabrication step of FETs. Schottky gate 
is characterized by the Schottky barrier height (∅𝐵). As reverse leakage current is 
proportional to 𝑒𝑥𝑝
−𝑞∅𝐵
𝑘𝐵𝑇 , large Schottky barrier height is desired to achieve low gate  
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Figure 3.11 Gate contact formation on insulator. (a) AlxGa1-xN epilayer. (b) Flat 
deposition of DOD SiO2. (c) Spin coating with photoresists. (d) Photolithography. (e) 
Gate window opening by development. (f) Ni/Au metal deposition. (g) Metal removal 
from out of gate region by lift-off. (h) Oxide removal from Ohmic contact by RIE.  
 
leakage current. Low gate leakage current is beneficial to enhance off state breakdown 
voltage and to reduce off state power loss. To reduce the noise level it is also desired to 
have low gate leakage current. It also improves the current drives and hence 
transconductance. Therefore, large Schottky barrier height is desirable at gate metal and 
barrier interface. Schottky barrier height is defined by the difference between the metal 
work function and semiconductor electron affinity. Therefore, to achieve large Schottky 
barrier height it is necessary to have metal with high work function and semiconductor 
with low electron affinity. Higher the band gap of semiconductor lower the electron 
affinity is. Among III-nitride materials AlN has the lowest electron affinity (~0.6eV) 
[67]. Therefore, high Al content UWBG AlGaN is advantageous for getting higher 
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Schottky barrier due to low electron affinity. Widely used gate metals are Ni and Pt 
having work function 4.5 and 5.3 eV respectively [37]. But Ni has higher thermal 
stability than Pt [95] which makes it suitable for high temperature power electronic 
applications.  
 In this dissertation, Ni/Au gate contact is formed after Ohmic contact 
formation. The processing of gate contact formation starts with organic cleaning followed 
by spin coating. In this case, the thickness of spin coated photoresist is thinner than what 
are used for mesa etching and Ohmic contact formation steps for getting better 
lithographic resolution. Alignment of gate lithography is very crucial. Misalignment error 
can cause larger separation between gate and source and reduce the gap between gate and 
drain. If gate to source gap increases it causes large on resistance and hence low drain 
saturation current. On the other hand if gate to drain gap reduces, it reduces the 
breakdown voltage. After alignment and exposure the sample was developed strictly 
following the development time. If it is over developed the gate becomes fat which 
ultimately increases channel resistance. If it is under developed than there will be higher 
chance to have photoresist particle in the gate window which may cause gate metal 
removal during lift-off or can act as contamination at gate metal-semiconductor interface 
and may create leakage path. In order to reduce gate leakage current using gate insulator 
is a common practice. One of widely used gate insulators for AlGaN based electronic 
devices is SiO2. Conventionally, this insulator is deposited by uniform flow of Silane 
(SiH4) and Nitrous Oxide (N2O). This procedure is suffered by gas phase reaction and 
incorporation of Hydrogen (H) which degrades the oxide quality.  
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(a)  (b) 
 
Figure 3.12 (a) Gate leakage characteristics of different Al mole fraction AlxGa1-xN layer 
(b) Effect of DOD SiO2 on gate leakage characteristics for the gate Schottky contact 
fabricated on n-Al0.5Ga0.5N layer. 
 
For this reason, an alternate technique called Digital Oxide Deposition (DOD) is 
used to eliminate the issues relevant with uniformly deposited SiO2. The detail 
mechanism can be obtained in Shiva Rai’s dissertation [96]. The deposition of gate 
insulator will increase the device processing steps. In that case, after Ohmic contact 
formation, DOD SiO2 has to deposit by Plasma Enhanced Chemical Vapor Deposition 
(PECVD) at 250 oC all over the sample. Then, gate alignment will have to perform. After 
gate metal deposition and lift-off process, another lithography has to perform to remove 
the SiO2 for opening the Ohmic contact. This was done using Reactive Ion Etching (RIE) 
utilizing SF6 based gas chemistry. The brief process flow of gate contact on DOD SiO2 is 
shown in figure 3.11.   Figure 3.12 (a) shows the gate leakage current (IGS) versus gate 
voltage (VGS) characteristics. It shows that as Al content increases in AlxGa1-xN layer the 
gate leakage current reduces substantially due to increase in Schottky barrier height. The 
test has been performed for the structure S1, S2 and S4 which contain n-Al0.5Ga0.5N, n-
Al0.65Ga0.35N and n-Al0.85Ga0.15N as top layer respectively. Among these structures S4 
shows lowest gate leakage current due to high Schottky barrier height resulted from high 
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Al mole fraction (85%). The dimension of gate contact was 210μm x 100μm in each case. 
Figure 3.12 (b) shows the IGS versus VGS characteristics for the case of S1 structure which 
consists n-Al0.5Ga0.5N. It is observed that gate leakage current reduces by a factor of 1000 
with only 10 nm DOD SiO2 as gate insulator.  
3.4 Regrwoth Structure Processing 
 Part of this dissertation work employed the concept of using regrowth structure 
in developing UWBG FETs. Regrowth technique is used in two cases in this dissertation 
work. Firstly, to grow the FET channel in a selective area and secondly this technique is 
used to develop regrown graded n+-AlxGa1-xN FETs. In both cases 0.2 μm thick PECVD 
deposited SiO2 was used as hard mask. Processing the regrowth structure starts with 
surface cleaning by organic and inorganic acids to remove any organic contamination and 
native surface oxide. After that using PlasmaTherm PECVD SiO2 was deposited 
uniformly over the entire sample. Next step was to do photolithography using appropriate 
mask sets followed by development in solution to remove photoresists from the region of 
regrowth. Now to create the SiO2 hard mask, SiO2 from the region of regrowth was 
etched using Buffer Oxide Etchant (BOE) followed by photoresists removal using 
acetone and isopropanol. Subsequently, the designed epilayer was grown on the sample. 
After completion of epilayer growth, the sample was cleaned by hydrofluoric acid. This 
acid cleaning completely removes the hard mask with the epilayer grown on it. The 
grown epilayer only remain in the defined region. After creation of SiO2 hard mask the 
designed epilayer was grown uniformly over the entire wafer. To keep the designed 
eplilayer only in the defined region, the sample was cleaned by hydrofluoric acid, which 
completely removed the hard mask. Only the regrown epilayer stays in the defined 
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region. Figure 3.13 (a) shows the camera images of SiO2 hard mask with defined region 
of regrowth and 3.13 (b) shows the regrown epilayer in the defined region.  
 
  
(a)                                                                               (b) 




Figure 3.14 (a) Epilayer under processing. (b) PECVD deposited SiO2. (c) Photo 
lithography. (d) Pattern Development. (e) BOE etching to form hard mask. (f) Epilayer 
grown. (g) Hard mask removal by HF cleaning. 
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Figure 3.15 (a) Epilayer under processing. (b) PECVD deposited SiO2. (c) Photo 
lithography. (d) Pattern Development. (e) BOE etching to form hard mask. (f) Epilayer 
grown. (g) Hard mask removal by HF cleaning. (h) Metallization and annealing to form 
Ohmic contact on regrown layer. 
 
Regrowth technique is mainly employed in the single layer structures (S1 and S2). 
Regrown mesa structure is utilized in the S1 structure which contains i-Al0.5Ga0.5N layer 
on top of thick AlN. n-Al0.5Ga0.5N layer was regrown as mesa which act as the channel 
layer of the FET. Figure 3.14 shows the major processing steps of developing regrown 
channel for S1 structure. This approach leads to an automatic isolation between 
conducting individual mesas thereby eliminating the need for subsequent processing 
steps. In case of structure S2, regrowth technique was employed to develop Ohmic 
contact. Figure 3.15 shows the major processing steps to develop regrown graded Ohmic 
contact. This facilitates the metals to form Ohmic contact on n+-GaN which is the top of 
graded n+-AlxGa1-xN which is highly favorable than high Al content AlxGa1-xN.  
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. CHAPTER 4 
ULTRA WIDE BAND GAP ALGAN METAL (INSULATOR) SEMICONDUCTOR 
FIELD EFFECT TRANSISTORS
Epilayer structure S1 and S2 (explained in chapter 2) which consist  i-Al0.5 
(0.65)Ga0.5(0.35)N buffer layer on DUV LED template (3 µm AlN) over basal plane Sapphire 
substrate employed for the first time to develop UWBG AlGaN based Metal (Insulator) 
Semiconductor Field Effect Transistors (ME(I)SFETs). The first attempt was taken by 
fabricating n-Al0.5Ga0.5N Channel ME(I)SFET using epilayer structure S1 which contains 
i-Al0.5Ga0.5N buffer layer on DUV LED template. In this case, the n-Al0.5Ga0.5N channel 
is created using Selective Area Growth (SAG) technique for the first time. Both electrical 
and optical tests were performed on this structure. Electrical tests confirmed great 
transistor action and optical tests showed solar blind wave length detection ability of 
these FETs. Next step was to develop MESFET using higher Al content AlGaN. The n-
Al0.65Ga0.35N channel MESFET is fabricated then using epilayer structure S2 which 
contains i-Al 0.65Ga0.35N buffer layer on DUV LED template. The Ohmic contact was 
created using SAG graded n-AlxGa1-xN (x= 65% to 0%) for the first time. Higher Al 
content increases the band gap which is important for achieving higher thermal immunity 
to operate under high ambient temperature. Therefore, electrical characterization at 
elevated temperature is performed on this n-Al0.65Ga0.35N channel MESFET to study the 
high temperature operation of UWBG AlGaN based FETs. 
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4.1 Selective Area Grown  N-Al0.5Ga0.5N Channel ME(I)SFET 
4.1.1 Device Fabrication  
Device Fabrication starts with organic cleaning (acetone/isopropanol) followed by 
inorganic cleaning (NH4OH:H2O, HCl:H2O and HF:H2O). After that, PECVD deposited 
SiO2 is used to create hard mask for re-growing n-Al0.5Ga0.5N channel. After flat 
regrowth of n-Al0.5Ga0.5N, the parasitic n-Al0.5Ga0.5N layer over the hard mask was 
cleaned using KOH:H2O2 solution. Then Ti/Al/Ni/Au based Ohmic contact was formed 
using E-beam metal deposition followed by rapid thermal annealing process. After 
formation of Ohmic contact, using digital oxide deposition (DOD) technique 10 nm SiO2 
was deposited by PECVD over half of the wafer and covering other half for getting 
MESFET devices followed by subsequent formation of gate contact. After gate contact 
formation, half of the wafer yields MISFET and other half yields MESFET. Finally, the 
Ohmic contact window was opened using Reactive Ion Etching (RIE) followed by probe 
contact formation. The devices under test on the wafer consists gate length, gate width 
and drain to source separation of 1.7, 50 and 6 µm respectively. The detail of SAG 
technique is discussed in chapter 3.  Figure 4.1 shows the structure of n-Al0.5Ga0.5N 
channel MISFET.  
 




(a)      (b) 
 
Figure 4.2 (a) C-V characteristics in dark of MESFET and MISFIT at 10kHz. The 
dimension of test contact is 210µm × 100 µm. (b) Gate leakage characteristics of 
MESFET and MISFET in dark for the gate contact of 1.7µm × 50 µm. 
 
4.1.2 Electrical Characterization At Room Temperature 
The room temperature DC characterization of these devices was performed using 
HP 4155C parameter analyzer. The Capacitance-Voltage (C-V) measurements were 
carried out using HP 4284A LCR-meter. The investigation starts by doing DC 
characterization of MESFET and MISFET devices.  
Figure 4.2 (a) shows the gate-source Schottky C-V characteristics of MESFET 
and MISFET measured in the dark and used in conjunction with the channel sheet-
resistivity to estimate the field effect mobility in the dark. For these estimations, using the 
gate-capacitance of 0.24µF/cm2(at VGS= 0V) and 0.011µF/cm
2 at full device depletion 
(VGS=-12V, see Fig. 1) were used from measurement.  Thus, the total channel charge is 
given by [97], 






𝐶(𝑉𝐺𝑆 = 0𝑉) ×12𝑉                 (4.1) 
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where the final approximation assumes a piece-wise linear fit to the C-V profile to 
provide an upper bound for ns, which then provides a lower bound for µ𝐹𝐸𝑇 . From 
equation (4.1), the value of (𝑞𝑛𝑠)was found to be 1.4x10
-6 C-cm-2.  For a channel 
thickness of 300 A, this gives an average channel doping, Nd=2.9x10
18 cm-3 which is in 
good agreement with estimations from the growth parameters.  Finally, using the channel 
sheet resistivity value of 13k/, and the(𝑞𝑛𝑠)  value from above, the field-effect 
mobility µ𝐹𝐸𝑇was estimated to be 55 cm
2/V-s. The equilibrium depletion width for the 
MESFET is estimated as ~ 17 nm using 𝐶𝑀𝐸𝑆(0) =
𝜀𝑠𝐴
𝑊𝑑𝑒𝑝(0)
, where CMES(0) is the 
capacitance at VGS = 0 V, 𝜀𝑠 is the dielectric constant of Al0.5Ga0.5N and Wdep (0) is the 
equilibrium depletion width. The gate oxide thickness is estimated as ~ 12nm using the 
following expression [98], where the symbols have their usual meanings.  








        (4.2) 
This estimation of oxide thickness is very close to the deposited thickness of 10nm form 
deposition calibration.  Figure 4.2 (b) shows gate-leakage (IGS) currents for identical 
geometry n-Al0.5Ga0.5N channel MESFET and MISFET devices.  The use of the 100 nm 
thick pulsed SiO2 gate-insulator reduces the gate-leakage currents by approximately 3-
orders of magnitude which has been shown to improve the long-term reliability of GaN- 
AlGaN HEMTs [99] Also the gate-insulator does not reduce the peak transconductance in 
any significant way. Figure 4.3 (a) and (b) show the DC current-voltage (IDS -VDS) 
characteristics of n-Al0.5Ga0.5N channel and MESFET and MISFET respectively 
measured in dark. 
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(a)     (b) 
 
Figure 4.3 IDS -VDS characteristics for -10V<VGS<+1V of n-Al0.5Ga0.5N channel (a) 
MESFET and (b) MISFET measured in dark. 
 
Better gate control over the devices is observed. The highest saturated current 
density at VGS=+1V was 95mA/mm for the MISFET and 60mA/mm for the MESFET.  In 
comparison, for a GaN channel MESFET with a 5 µm source-drain opening and a gate-
length of 1.4 µm, Binari et.al.  reported, peak currents of about 300 mA/mm and a 
transconductance of 20 mS/mm [100]. Thus, peak currents values for the reported n-
Al0.5Ga0.5N MESFET and MISFET are approximately a factor of 3-4 lower than those of 
Binari et.al.  We believe this to be primarily from the lower carrier mobility due to alloy 
and the impurity scattering contributions which should dominate in n-Al0.5Ga0.5N layers 
[100]. The zero-volt channel width difference (approximately 2:1), leads to a nearly 60% 
higher peak current for the MISFET. It is believed that the peak-currents are still limited 
by the source- drain contact nonlinearity and high-resistivity.  From the TLM data 
(explained in chapter-3, fig. 3.7) the estimated contact-resistivity was ~40 -mm for both 
the MESFET and the MISFET devices. 
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(a)      (b) 
 
Figure 4.4 IDS and GM as a function of VGS for VDS = 20V of n-Al0.5Ga0.5N channel (a) 
MESFET and (b) MISFET measured in dark. 
 
In spite of this, the measured peak currents are higher than those reported by Bajaj 
et.al even when their channel lengths were nearly half of this work [67]. Figure 4.4 (a) 
and (b) show the transfer characteristics (IDS-VGS) and transconductance (GM) as function 
of VGS for MESFET and MISFET respectively. The extracted threshold voltages from the 
transfer curves is shown in figure 4.4 (a) and (b) are ~ -3.5 and ~ -5.5 V for MESFET and 
MISFET respectively. As in the MESFET the gate is closer to the channel than MISFET, 
therefore MESFET devices have better gate control than MISFET devices. This is 
reflected in the transconductance of both kind of devices where MESFET devices show 
higher transconductance than MISFET devices.  
4.1.3 Optical Characterization At Room Temperature 
The (IDS-VDS) curves for the MISFET devices were measured under 100μW/cm
2 
broad area 254nm illumination from a low-pressure Hg-vapor lamp.  Thus, a total optical 
power of 0.3nW was incident on the active device area. From these data of Figure 4.5 (a),  
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(a)       (b)  
 
Figure 4.5 (a) (IDS-VDS) curves for the MISFET device with and without 100μW/cm2 
broad area 254nm illumination from a low-pressure Hg-vapor lamp. (b) Drain-source 
current (IDS) of the MISFET as a function of the gate-source voltage (VGS) at VDS=20V 
both with and without the 254 nm optical illumination. 
 
It is seen that the 254 nm illumination current to increases significantly for all 
values of VGS, giving an estimated responsivity as high as 1.2x10
6 A/W at VGS=-2.5V. It 
is believed that the high-gain arises from hole-trapping in the photoconductive operation 
mode [101]. The measured peak responsivity at 254 nm is an order of magnitude higher 
than the 365 nm peak responsivity for an AlGaN-GaN HEMT detector reported by Iwaya 
et.al [102]. Figure 4.5 (b) shows the MISFET device transfer curves with and without the 
254 nm optical illumination.  As seen the illumination increases the threshold-voltage 
from -5.5V to -7.0V due to an increase in the total channel charge. This can be estimated 
from [97], 
    𝑉𝑝𝑜 = 𝑉𝑖𝑛𝑡 + 𝑞𝑁𝑑𝑑
2/2𝜀𝑠,        (4.3) 
where 𝜀𝑠 is Al0.5Ga0.5N dielectric constant, and Vint is a constant threshold voltage offset 
to account for interfacial states in the MISFET and d is the channel thickness. Thus, 
illumination increases the effective Nd in the channel from ~ 3×10
18cm-3 to~4.5×1018 cm-3 
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 (a)   (b) 
 
Figure 4.6 (a) Gate-current (IGS) as a function of gate-source voltage VGS with and 
without the 254 nm illumination for the gate contact of 1.7µm × 50 µm. (b) Relative 
photo-responsivity (SR) of the MISFET device as a function of wavelength (λ).       
 
The steady-state electron sheet concentration, ns, with complete absorption of 
above bandgap light, is then given by [97,103]. 
 𝑛𝑠 = 𝑛𝑠(𝑑𝑎𝑟𝑘) + 𝐺𝜏𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 = 𝑁𝑑𝑑 + 𝐺𝜏𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛     (4.4) 
Here G = 1.3x1014 cm-2s-1 is the optical generation rate calculated from the incident UV 
intensity (100 μW/cm2), and 𝜏𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 is the effective recombination time.  
Assuming 100% absorption, as implied by the ISC of the gate-source Schottky diode (Fig. 
4.6(a)), for the intentionally doped MISFET layer using Equation (4.4),𝜏𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 =
34𝑚𝑠, is estimated.  Thus, there must be photoconductive gain, since the drift transit time 
across the 1.7 μm long gate, at a 10 V drain-source bias, with a mobility 𝜇𝐹𝐸𝑇 =
55 𝑐𝑚2/𝑉𝑠 is < 1ns.  The long recombination time is attributed to hole-trapping in band 
gap states in the depletion region, the presence of which is also implied by the measured 
n = 2 gate-Schottky ideality factor. Light absorption in the AlGaN channel generates e-h 
pairs, which are then separated by the electric fields in the structure, trapping the holes in 
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sub-bandgap states. This gives a large photoconductive gain similar to that reported for 
GaN-AlGaN HEMTs under optical illumination [98].  Note the estimated response time 
of 34 ms, is fast enough for cameras, which operated at 24 frames/sec [97]. Finally, the 
measured spectral photo-responsivity of the SAG n-Al0.5Ga0.5N MISFET using an Oriel 
spectrophotometer had a resolution of ~10nm and light incident from the top electrodes’ 
side.  The device was operated in the photo-voltaic mode and the photocurrent was 
measured as a function of the incident light wavelength. The photo-signal was then 
normalized to the spectrophotometer optical-source output powers as a function of 
wavelength (λ).  The MISFET normalized spectral relative responsivity (SR) data is 
shown in Figure 4.6 (b).  It shows that the photo-response falling sharply below 290 nm 
is an indication of solar blind wave length detection. 
4.2  N-Al0.65Ga0.35N Channel MESFET  
4.2.1 Device Fabrication  
Device Fabrication starts with organic cleaning (acetone/isopropanol) followed by 
inorganic cleaning (NH4OH:H2O, HCl:H2O and HF:H2O). After that, PECVD deposited 
SiO2 is used to create hard mask for re-growing graded n-AlxGa1-xN (x=0.65 to 0). After 
flat regrowth of n-AlxGa1-xN (x=0.65 to 0), the hard mask was cleaned using HF:H2O 
solution. Then Ti/Al/Ti/Au based Ohmic contact was formed using E-beam metal 
deposition followed by rapid thermal annealing process. After formation of Ohmic 
contact gate contact formed subsequently. The devices under test on the wafer consists 
gate length, gate width and drain to source separation of 1.7, 100 and 6 µm. The detail of 
SAG technique is discussed in chapter 3. Figure 4.7 shows the structure of n-
Al0.65Ga0.35N channel MESFET.  
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Figure 4.7 Schematic structure of n-Al0.65Ga0.35N channel MESFET with SAG graded n-
AlxGa1-xN (x=0.65 to 0) Ohmic contact. 
 
4.2.2 Electrical Characterization At Elevated Temperature 
The MESFET devices were characterized for their source-drain current-voltage 
characteristics at temperatures from RT to 200°C.  This DC (IDS-VDS) family of curves 
for a device with a source-drain opening of 6µm and gate length and width of 1.7 µm and 
100 µm respectively are included in Figure 4.8 (a).  As seen, the measured device shows 
a good current-saturation and a complete pinch-off at VGS = -15V.  The current saturation 
region shows no appreciable channel-length modulation for the measured 1.7 µm gate-
length device.  Though still limited by the contact-resistivity, the peak saturated current 
density of ~100 mA/mm at VGS = +2 V, is still a factor of 2 higher than the value reported 
for the MBE grown devices where the channel doping was nearly an order higher [67]. 
Also the on-state source-drain current shows no appreciable change when the devices are 
heated up to 200°C. Figure 4.8 (b) shows the transfer characteristics of these devices for 
different temperatures up to 200°C. There is very insignificant change in drain saturation 




(a)      (b) 
 
Figure 4.8 (a) Temperature-dependent IDS-VDS family of curves for a device with source-
drain opening Lsd = 6 µm and gate length and width of 1.7 µm and 100 µm when -18V < 
VGS < +2V.    (b) Transfer characteristics of MESFET devices. Inset shows Vth and GM-
max as a function of temperature. 
 
 
Figure 4.9 Temperature dependence of drain saturation current.  The current is measured 
at VGS = 0 and VDS = 20V normalized to its room-temperature value. The AlGaN/GaN 
HEMT data is calculated from the results in ref. [104].  
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The inset of figure 4.8 (b) shows threshold voltage (Vth) and peak 
transconductance (GM-max) as a function of temperature. The change in GM-max and Vth 
with temperature is also inappreciable.  In order to represent the thermal stability of these 
devices the saturated drain current IDSS at VGS=0V and VDS=20V normalized to its room-
temperature value as a function of temperature is plotted in figure 4.9.  The fractional 
change in on-state IDSS was only ~10% up to 200°C.  This is similar to what was reported 
by Tokuda et.al for an Al0.51Ga0.49N channel HEMT on bulk AlN substrates [105]. In 
addition, they found the fractional decrease of IDSS for their GaN channel HEMTs to be at 
least a factor of 3-4 higher.  This decrease is very similar to what we observed in our 
standard GaN HEMTs on Si-substrates [104]. Since the channel length of our devices 
was 6 µm, the saturated current for our devices is primarily controlled by the channel 
electron-mobility. Thus, these data show that for high-Al AlGaN channel devices, change 
in field-effect mobility (𝜇𝐹𝐸𝑇) with increased temperatures is much smaller than GaN 
channel devices.  To confirm this, we estimated the field-effect mobility for our devices 
as a function of temperature.  For this, the Transmission Line Method (TLM) data of 
these n-Al0.65Ga0.35Nchannel MESFET with SAG n-AlxGa1-xN (x=0.65 to 0) were used to 
estimate the contact resistance RC and the channel resistances for the access regions 
between the source and gate (RGS) and the gate and drain (RGD) for the devices as a 
function of temperature. TLM results for SAG n-AlxGa1-xN (x=0.65 to 0) contacts are 
discussed in chapter 3 in detail. The conductance of the channel region under the gate, 
Gch-gate can then be calculated as a function of the gate-voltage by using [106], 
   𝐺𝑐ℎ−𝑔𝑎𝑡𝑒(𝑉𝐺) =
1
𝑅𝐷𝑆(𝑉𝐺)−2𝑅𝐶−𝑅𝐺𝑆−𝑅𝐷𝐺
       (4.5)  
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The channel resistance 𝑅𝐷𝑆(𝑉𝐺) can be calculated from the measured IDS-VDS curves for 
the different gate-voltages and temperatures (Ohmic-region).  The field-effect mobility, 
µFET is related to the measured conductance of the channel under the gate, Gch-gate by 
[106], 
    𝐺𝑐ℎ−𝑔𝑎𝑡𝑒(𝑉𝐺) = 𝑞𝑛𝑠𝜇𝐹𝐸𝑇
𝑊
𝐿𝐺
        (4.6) 
Where q is the electron charge, ns the channel sheet carrier density and W and LG are the 
gate-width and gate-length.  The value of ns was then estimated as a function of the gate-
voltage VGS from the measured gate-capacitance per unit area using: 






𝑑𝑉𝐺       (4.7) 
Figure 4.10 (a) presents the room temperature (RT) and 200 °C capacitance-voltage (C-
V) data at 10 kHz.  It is seen that C-V curves for RT and 200 °C merges and tells channel 
charge is invariant with temperature. Inset of Figure 4.10 (a) shows the C-V measurement 
at 200 °C but sweeping VGS =-10V to VGS = 0V followed by VGS = 0V to VGS=-10V. The 
capacitance-voltage data show no hysteresis over the entire temperature range of 
measurement, indicating a very high quality Schottky barrier-channel interface. The lack 
of hysteresis shows no measurable slow trap density at the gate Schottky interface in this 
voltage range. From the 1/C2 intercept, a built-in voltage of 2.3V is estimated, 
independent of temperature. The slope also, showed a temperature independent channel 
electron concentration of 1018cm-3.  Field effect mobility is then calculated using equation 
4.6 and 4.7 together. Field effect mobility as a function of VGS for different temperatures 
along with nS which is temperature independent is plotted in Figure 4.10  (b). Here the 
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plot is limited up to VGS=  -10V to exclude the region near VT, where the simple 
linearized transistor model in equations (4.5-6) is not applicable. 
 
(a)   (b) 
 
Figure 4.10 (a) Gate-source capacitance (C) as a function of gate voltage (VGS)for room 
temperature and 200°C. Inset shows C as a function of VGS sweeping from from VGS= -
10V to 0V and vice versa. (b) Field-effect mobility (µFET) from (RT-200 °C) and channel 
sheet-charge density (ns) at RT as a function of gate-source voltage (VGS). 
 
For temperatures RT-200°C, the estimated µFET values are close to the room 
temperature value of ~90cm2/Vs near pinch-off and ~30cm2/V-sec in the on-state. The 
mobility values show ~10% variation when the temperatures varies from room 
temperature to 200°C. This variation agrees well with the output characteristics of figure 
4.8. The decrease in µFET, as the VGS values are changed from threshold to the on-state, is 
believed to be due to the interaction of channel electrons with the metal-semiconductor 
interface due to a reduction in the depletion width. The C-V characteristics not only used 
to calculate the µFET, the hysteresis in the C-V curves also bears the information about 
the quality of Schottky contact. As lack of hysteresis is observed in the C-V curve, next 
the gate leakage characteristics is investigated. 
81 
Figure 4.11 (a) shows the plot of the MESFET gate-source current IGS as a 
function of the gate-source voltage VGS  for temperatures ranging from RT to 200°C.  As 
seen for low reverse voltage < 4V, a shunt resistance dominates IGS. This shunt resistance 
is strongly temperature dependent, indicating a thermally activated shunt process, with an 
activation energy of ~0.7eV, which can be due to two possibilities; i) threading 
dislocations e.g. [107]  and/or ii) small Schottky barrier on the plasma-etched mesa-edge 
shunting the gate-source diode.  This is similar to an extrinsic mechanism described 
earlier in the literature [108]. The gate current IGS-PHOTO (photo-current) under broad area 
illumination from a low-pressure mercury lamp (=254nm) at a power density of 
~100μW/cm2 is also included in the plot. It is clear that UV detection is seen well above 
the dark current at the gate-source Schottky diode even at 200°C. These data clearly 
establish the viability of these MESFET devices serving as a high-temperature UV 
sensor.  This data establishes these devices as a solar-blind UV detector operating in the 
photovoltaic mode at the gate-source diode. Note that from the optical characterization of 
SAG n-Al0.5Ga0.5N channel MESFET discussed in section 4.1.3 shows its operation as a 
photoconductive detector when pinched-off.  
From the plot of figure 4.11 (a) it is seen that the gate leakage current IGS as a 
function of VGS at temperatures of RT- 200°C.  The reverse leakage currents in the dark, 
even for a 200°C operation remain as low as 10-7 amps for 1.7x100μm2 gate area. The 
gate leakage current at 200 oC is more than two order of magnitude lower than the gate 
leakage current in conventional MOSHEMTs [104]. However, strong temperature 
dependence is clearly observed, which is unexpected for the large Schottky barrier height, 
~2.3eV estimated from C-V measurements.  The leakage currents should be negligible, at 
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this high barrier voltages assuming ideal thermionic Schottky behavior. For reverse 
voltage >4V, Frenkel-Poole emission is seen, which is plotted in figure 4.11 (b) 
  
(a)      (b) 
Figure 4.11 (a) shows leakage current at the gate-source Schottky diode as a function of 
temperature. At 200°C, this leakage current in response to a 100μW/cm2 254nm light is 
also shown, demonstrating the potential for using this MESFET as a photovoltaic UV 
detector. (b) Frenkel-Poole plots from gate-leakage characteristics. 
 
Fowler Nordheim tunneling is excluded here which is temperature independent, as well 
as image-force lowering which could not fit the leakage observed [109]. By process of 
elimination, Frenkel-Poole emission i.e. trap-assisted tunneling was deduced, as seen in 
the III-Nitrides previously and it is described by [110], 
                               𝐽 = 𝐶𝐸𝑏exp [−𝑞(𝐸𝑡 − √𝑞𝐸𝑏/𝜋𝜀0𝜀𝑠,𝑑𝑦𝑛𝑎𝑚𝑖𝑐)/𝑘𝑇]      (4.8) 
where C is a proportionality constant, 𝐸𝑏 is the peak field at the Schottky interface, k is 
Boltzmann’s constant, T, the absolute temperature, 𝐸𝑡 is the trap activation energy for 
Frenkel-Poole emission, 𝜀𝑠,𝑑𝑦𝑛𝑎𝑚𝑖𝑐, the high frequency dielectric constant for AlGaN, 
while q and 𝜀0, are the electronic charge and the permittivity of free space, respectively. 
The high frequency 𝜀𝑠,𝑑𝑦𝑛𝑎𝑚𝑖𝑐 is used as the injected charges do not polarize the 
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surrounding lattice in this picture supporting the lack of hysteresis seen in the DC I-V 
characteristics [111]. Eb is calculated from the doping value, Nd~10
18 cm-3 and depletion 
width, xd, from C-V using the classical expression 𝐸𝑏 = 𝑞𝑁𝑑𝑥𝑑/𝜀0𝜀𝑠,𝑠𝑡𝑎𝑡𝑖𝑐. Equation 4b 
can then be re-written in slope-intercept form [106], 
   ln (𝐽/𝐸𝑏) = 𝑚(𝑇)√𝐸𝑏 + 𝑏(𝑇)        (4.9) 
where 𝑚(𝑇) = 𝑞/𝑘𝑇√𝑞/𝜋𝜀0𝜀𝑠 and 𝑏(𝑇) = −𝑞𝐸𝑡/𝑘𝑇 + ln (𝐶). From a plot of m(T) and 
b(T) vs. 1/T, 𝜀𝑠,𝑑𝑦𝑛𝑎𝑚𝑖𝑐, and 𝐸𝑡 are independently extracted, respectively. For reverse 
voltage >4V, clear Frenkel-Poole emission is seen in figure 4.11 (b) from the straight-line 
behavior of equation 4.9 Taking the slope, m(T) and intercept, b(T) as a function of T, we 
obtain 𝜀𝑠,𝑑𝑦𝑛𝑎𝑚𝑖𝑐~5 ± 1 within the range of temperature uncertainty ~10°C, and Et ~1eV. 
𝜀𝑠,𝑑𝑦𝑛𝑎𝑚𝑖𝑐~5 is in excellent agreement with the high frequency Al0.65Ga0.35N dielectric 
constant [48] interpolated from Vegard’s law between pure AlN and GaN [73].  
In summary, this chapter demonstrates electrical, optical and thermal performance 
of UWBG AlGaN based FETs made on DUV LED template (3 µm AlN) over basal plane 
Sapphire substrate. Two novel techniques developed to fabricate these FETs. These are 
SAG channel and SAG graded Ohmic contact. SAG n-Al0.5Ga0.5N channel MISFET 
shows transistor action with better gate control. These MISFET devices show excellent 
solar blind wave length detection ability with very high photoresponsivity of 1.2x106A/W 
was measured at 254nm and dropping sharply above 290 nm. The n-Al0.65Ga0.35N 
channel MESFET with SAG n-graded AlxGa1-xN Ohmic contact shows excellent thermal 
stability. Less than 10% channel current fluctuation is observed at 200°C. High Schottky 
barrier height at gate metal-n-Al0.65Ga0.35N semiconductor shows better leakage 
characteristics over conventional GaN channel based MOSHEMTs. Gate leakage current 
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of these n-Al0.65Ga0.35N channel MESFETs is more than two order of magnitude lower 
than conventional Al0.25Ga0.75N/GaN MOSHEMTs. The temperature dependence of gate 
leakage current is facilitated by Frenkel-Poole mechanism. Even at 200°C the gate 
Schottky diode response obtained for 254 nm wavelength. Even though some impressive 
optical and electrical characteristics obtained from these UWBG FETs, both kind of n-
Al0.5Ga0.5N and n-Al0.65Ga0.35N channel FETs show very low on to off current ratio ~100-
200 which is expected to be at least 103. This low value of on to off current ratio is not 
supportive for any power semiconductor switches. This very low on to off current ratio 
discourages in doing off state breakdown test of these FETs. Part of next chapter will 
discuss the important figure of merit of power semiconductor switches such as on to off 




AL0.85GA0.15N/AL0.65GA0.35N HIGH ELECTRON MOBILITY TRANSISTORS 
 
This Chapter discusses the UWBG AlGaN based HEMT 
(Al0.85Ga0.35N/Al0.65Ga0.35N) on DUV LED template (3 µm AlN) over basal plane 
Sapphire substrate for the first time. The structure contains both doped n-Al0.85Ga0.15N 
and undoped i-Al0.85Ga0.15N barriers over i- Al0.65Ga0.35N channel. The highest drain 
saturation current of  ~ 250 mA/mm up to VDS = 40 V has been obtained which is the 
highest reported current till to date for AlGaN based channel HEMT for x > 0.5. Very 
impressive thermal stability has been observed with only less than 10% of current 
fluctuation at elevated temperature of 250 oC. The on to off current ratio obtained are 
greater than 107 and ~ 105 for room temperature and 250 oC respectively. The highest 
breakdown voltage obtained was ~ 800V for the structure having no field plate or 
passivation.  
5.1 Device Fabrication 
The HEMT structures (S3 and S4, explained in chapter 2) were employed to 
fabricate the UWBG AlGaN based HEMT. Device Fabrication starts with organic 
cleaning (acetone/isopropanol) followed by inorganic cleaning (NH4OH:H2O , HCl:H2O 
and HF:H2O). After that mesa isolation was performed by inductively coupled plasma 
(ICP) etching followed by Ohmic contact formation using Zr/Al/Mo/Au  metal stack  
After that gate metal was deposited. At the end, probe pads were deposited. 
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Figure 5.1 Schematic cross section of the Al0.85Ga0.15N/Al0.65Ga0.35N HEMT similar to 
those explained in [42]. 
 
The detail of fabrication steps were explained in chapter-3. The devices under test 
on the wafer consist gate length, gate width and drain to source separation of 1.8, 50 and 
5.5 µm. Figure 5.1 shows the schematic of the fabricated UWBG HEMT.  
5.2 Electrical Characterization At Room Temperature 
The DC characterization of these devices was performed using HP 4155C 
parameter analyzer and Keithley 2400 SMU at room temperature. The high temperature 
DC characterization was performed by heating up the chuck using Temptronic heating 
module. The Capacitance-Voltage (C-V) measurements were carried out using HP 4284A 
LCR-meter. The investigation starts by doing C-V characterization of undoped and doped 
barrier (i/n)- Al0.85Ga0.15N/ i-Al0.65Ga0.35N HEMTs. Figure 5.2 shows the C-V 
characteristics of undoped and doped barrier HEMT. It is found that for UWBG AlGaN 
based HEMTs the C-V curves followed the similar type of pattern as like conventional 
AlGaN/GaN HMETs. Figure 5.2(a) shows that undoped barrier i-Al0.85Ga0.15N/i-
Al0.65Ga0.35N HEMTs have the zero volt capacitance of 0.28µF/cm
2 and it starts depleting 
87 
~ - 8V. For the case of doped barrier n- Al0.85Ga0.15N/i-Al0.65Ga0.35N HEMTs shown in 
figure 5.2 (b) the zero volt capacitance is ~ 0.30µF/cm2 and it starts depleting at ~ -12V 
 
 
(a)     (b) 
 
Figure 5.2 C-V characteristics of undoped (a) and doped (b) barrier HEMTs tested on C-





(a)     (b) 
 
Figure 5.3 (a) Simulated band diagram along the growth direction and (b) 2DEG 




In both cases the hysteresis is very small even less than 10 mV which is an indication of 
high quality Schottky contact. From the zero volt capacitance, it seems that doping causes 
only less than 10% of variation in 2DEG values between the two structures which is 
consistent with the results of Rsheet values for doped and undoped barrier HEMTs 
explained in chapter 2. 2DEG can be calculated from the C-V characteristics obtained 
from HP 4284A LCR meter using the following expression, 






        (5.1) 
Here the symbols have their usual meanings. The estimated 2DEG density for 
undoped barrier HEMT using the above expression is ~1.1×1013cm-2. The simulated band 
diagram with electron distribution and 2DEG dependence of barrier thickness are shown 
in figure 5.3 (a) and 5.3 (b) respectively. Electron distribution obtained from 1-D 
simulation performed by the Poisson solver [112] is in good agreement with the result 
obtained from Hg-probe C-V measurement. 2DEG density obtained from simulation is 
1.15×1013cm-2 which is in excellent agreement with the estimated 2DEG density from the 
experimentally obtained C-V characteristics. For the doped barrier HEMT the 2DEG 
density can be lies within 10% range of what is obtained for undoped barrier HEMTs. 
The hysteresis of the C-V curves is very negligible (< 10mV) and confirms good 
quality of Schottky contacts which is an essential requirement for getting low gate 
leakage current (IGS). Moreover, high Al content ensures low electron affinity which can 
form large Schottky barrier height with Ni (Φm ~ 5eV). Figure 5.4 shows the gate leakage 
current measured at room temperature for doped and undoped barrier HEMT and 
compared with Al0.25Ga0.75N/GaN MOSHEMT. 
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Figure 5.4 Gate leakage current characteristics of i-Al0.85Ga0.15N/Al0.65Ga0.35N and n-
Al0.85Ga0.15N/Al0.65Ga0.35N HEMTs. Al0.25Ga0.75N/GaN MOSHEMTs data is taken from 
ref [104]. 
 
From the figure, It is clear that undoped barrier HEMT shows very low gate 
leakage current as compare to doped barrier and Al0.25Ga0.75N/GaN MOSHEMTs. 
Undoped barrier HEMT exhibits almost 102 times lower gate leakage than doped barrier 
and Al0.25Ga0.75N/GaN MOSHEMTs. This is due to large Schottky barrier height which is 
around 2.67eV for x > 0.8 in AlGaN [105]. For the doped barrier HEMT, Fermi level 
pinned at the surface close to conduction band which causes higher leakage current in 
doped barrier structure.  Figure 5.5  shows output characteristics of the undoped and 
doped barrier HEMTs. From figure 5.5  (a) it is clear that undoped barrier HEMT shows 
very nice drain current saturation with peak drain current (IDS) density ~ 40 mA/mm. 
Whereas, figure 5.5 (b) shows that the doped barrier HEMT exhibits peak current density 
of ~250 mA/mm which is the highest reported current in UWBG AlGaN HEMT till to 
date [42]. The doped barrier HEMT exhibits approximately ×6 times higher drain current 
than undoped barrier HEMT. The reason may be the surface to channel voltage which 
changes significantly in doped barrier HEMT. The surface-channel voltage, in turn, 
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comprises of two main factors: the voltage drop across the cathode contact [42,113] and 
surface potential drop due to electron injection from the cathode contact [42, 114]. It is 
believed that much higher current in the doped structure is achieved due to less negative 
surface charge (compensated by donor dopants) and higher pinch-off voltage (due to 
higher total channel charge). In both cases the peak current densities are taken at VGS = 
+4V. Large Schottky barrier height allows higher gate driving voltage even without any 
gate insulator while comparing conventional GaN channel based HEMT and 
MOSHEMTs [104]. Beyond VGS = +4V the gate starts leaking that restricts further 
increment of gate voltage. In both cases the drain current drooping is negligible. Figure 
5.6 shows transfer characteristics with transconductance (GM) for both undoped and 




             (a)       (b) 
 
Figure 5.5 (a) IDS-VDS characteristics of undoped barrier HEMT (i-
Al0.85Ga0.15N/Al0.65Ga0.35N) and doped barrier HEMT (n-Al0.85Ga0.15N/Al0.65Ga0.35N) for -
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Figure 5.6 (a) IDS-VGS and transconductance characteristics of undoped barrier HEMT (i-
Al0.85Ga0.15N/Al0.65Ga0.35N) and doped barrier HEMT (n-Al0.85Ga0.35N/Al0.65Ga0.35N) for 
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Figure 5.7 (a) Off-state drain current as a function of VDS for VGS= -20V at room 
temperature in three terminal measurements. (b) Breakdown voltage data comparison 
with previous data of University of South Carolina (USC) [31] and recent data by Sandia 
National Laboratory [40].  
 
 
In figure 5.6 IDS and GM as a function of VGS for (a) undoped barrier and (b) 
doped barrier HEMTs presented are at room temperature. From figure 5.6 (a) extracted 
threshold voltage (VT) for undoped barrier HEMT is ~ -7.5 V whereas from figure 5.6 (b) 
the extracted VT for the doped barrier HEMT is ~ -9.5 V. Doped barrier HEMT shows 
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higher GM than undoped barrier HEMT due to the modification of surface potential by 
dopant charge. From the transfer curves shown in figure 5.6 it is estimated that the on to 
off current ratio for undoped barrier HEMT is higher than doped barrier HEMT by more 
than 104 times. It is a clear indication of achieving hard pinch off behavior from undoped 
barrier HEMTs. Therefore, the off-state breakdown voltage measurement was performed 
on these undoped barrier HEMTs. Figure 5.7 (a) shows the three terminal off state 
breakdown characteristics for undoped barrier HEMT (i-Al0.85Ga0.35N/Al0.65Ga0.35N). 
Figure 5.7(a) shows the three-terminal breakdown voltage for undoped barrier devices 
with the gate-drain distances of 2.2μm and 9μm.The gate voltage was kept fixed at −20V.  
The breakdown measurements were made on un-passivated devices which were 
immersed in Fluorinert to avoid air breakdown. The drain currents increased from a 
starting value of 60 pA to approximately 190 nA (∼1μA/mm) at ~800V for the 9μm gate-
drain spacing device. At this voltage, we observed catastrophic failure due to flashover 
sparking between the metal electrodes. Same was observed for the 2.2 μm gate-drain 
spacing device at 200 V. The measured breakdown field is about ten times lower than the 
value expected for AlGaN material used in this work. However, since the failure was not 
related to the breakdown in the gate-drain spacing, we believe that with a proper 
electrode design, encapsulation, edge termination and field plating the breakdown 
voltages for the high-Al AlGaN channel HEMTs can be > 1kV. Figure 5.7(b) compares 
the measured three terminal off-state breakdown voltages with the recent data by Sandia 
National Laboratory [40] and GaN HEMT from USC. It is seen that UWBG AlGaN 
HEMT can exhibit higher breakdown voltages than GaN HEMT due to its higher critical 
electric field. It is very attractive feature that for the same off-state breakdown voltage 
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UWBG AlGaN HEMT size can be reduced than GaN based HEMT which is very 
promising to achieve higher power density. This is an important factor for cost reduction. 
also, smaller size is beneficial for high speed RF applications. 
5.3 Electrical Characterization At Elevated Temperature 
Investigation of high temperature performance was started with C-V 
measurements. Figure 5.8(a) and 5.8(b) shows the C-V characteristics of both undoped 
and doped barrier HEMTs at 250 oC respectively. In either cases the hysteresis is 
insignificant and less than 20 mV. Whereas, for conventional structure it is ~ 0.1V [103]. 
Moreover, the peak capacitance at zero volt is insignificantly changed which tells that the 
2DEG density is temperature invariant. A gate leakage characteristic was studied at 250 
oC after C-V characterization. Figure 5.9 shows the gate leakage characteristics of 
undoped barrier HEMT comparing with Al0.25Ga0.75N/GaN MOSHEMTs.  
 
(a)      (b) 
Figure 5.8 C-V characteristics of doped (a) and undoped (b) barrier HEMTs tested on C-
V pad with area of 2×10-4 cm-2 at 250 oC temperature. 
 
Large Schottky barrier height along with high quality Schottky contact ensures 
insignificant increment of gate leakage current. At 250 oC the increment of gate leakage 
current is less than 10%. At elevated temperature, the gate leakage current for these 
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undoped Al0.85Ga0.15N barrier HEMTs are more than three orders of magnitude lower 
than Al0.25Ga0.75N/GaN MOSHEMTs. As channel current causes joule heating, 
temperature dependent current-voltage (IDS-VDS) characteristics were studied for doped 
barrier HEMT due to having high channel current than undoped barrier HEMTs. Figure 
5.10 (a) shows IDS-VDS characteristics at VGS = 0V for different temperatures. It is seen 
that even temperature raises up to 250 oC from room temperature the drain current does 
not change significantly. The fluctuation is less than 10% at 250oC is an indication of 
high thermal stability of these UWBG AlGaN HEMTs as power semiconductor switch. 
 
Figure 5.9 Gate leakage characteristics of undoped barrier HEMT at 250 oC comparing 
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Figure 5.10 (a) Current-Voltage characteristics of doped barrier HEMT in three terminal 
measurements for different temperatures. (b) Comparison of percentage change in drain 
saturation current with Al0.25Ga0.75N/GaN MOSHEMTs on Si substrate [104]. 
 
The reason of this stability is the channel mobility which is dominated by alloy 
scattering. Even at elevated temperature the phonon scattering is still undermined by 
alloy scattering. Therefore, 2DEG mobility is nearly unchanged and causes insignificant 
channel current fluctuation (<10%). Moreover, it is also believed that the high quality 
thick AlN is also acting as a heat sink in these structures. Figure 5.10 (b) shows the 
comparison between the UWBG AlGaN HEMT on DUV LED template with 
Al0.25Ga0.75N/GaN MOSHEMTs on Si substrate.  It is seen that for Si substrate the drain 
current drops ~35% at 200oC whereas for these UWBG AlGaN based HEMTs the drain 
current is nearly unchanged even at 250oC. The on to off current ratio is an important 
figure of merit for any power semiconductor switch. Higher the ratio, better the switching 
quality is. As the on to off current ratio for undoped barrier HEMT is four order of 
magnitude higher than the undoped barrier HEMTs the temperature dependence of this 




(a)      (b) 
Figure 5.11 (a) Drain-source current as a function of gate-source voltage for different 
temperatures measured for undoped barrier HEMT for VDS = 15V. (b) Subthreshold IDS 
and threshold voltage variation as function of temperature for undoped barrier HEMT. 
 
Figure 5.11 (a) shows transfer curve in semi-log plot for undoped barrier HEMT. At 
room temperature, the ratio of on to off current is ~ 107 and the estimated subthreshold 
swing factor is 95mV/decade. At 250oC this ratio is ~ 105. Along with this, an important 
point to be noted is the subthreshold drain current and threshold voltage variation with 
temperatures. Figure 5.11(b) shows the variation of subthreshold current and threshold 
voltage as a function of temperature. It is seen that change in threshold voltage is less 
than 10% at 250oC relative to room temperature value. This is consistent with the C-V 
measurement at room and elevated temperatures. On the other hand, the subthreshold 
drain current increases ~ 10-6 mA/mm at room temperature to 5×10-4 mA/mm at 250oC, 
which is almost two order of magnitude increment. At 250oC temperature, the thermal 
energy is approximated by KBT/q~ 44 meV. It is believed that at this temperature the 
shallow level traps in Al0.65Ga0.35N channel release extra carriers which contribute to the 
increment of this subthreshold current at elevated temperature. 
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In summary, this chapter demonstrates the fabrication of UWBG 
Al0.85Ga0.15N/Al0.65Ga0.35N on DUV LED template (3 µm AlN) over basal plane Sapphire 
substrate. Doped barrier concept presented as a way to enhance drain saturation current. 
These n-Al0.85Ga0.15N/Al0.65Ga0.35N HEMTs show the peak drain saturation current as 
high as ~250 mA/mm. Undoped barrier i-Al0.85Ga0.15N/Al0.65Ga0.35N HEMTs show an 
excellent pinch-off with on to off current ratio in excess of 107 at room temperature. Even 
at 250oC this ratio is ~105. This reflects good switching performance of these kind of 
devices. The extremely low gate leakage current ~10-9 A/mm is exhibited by these 
undoped barrier HEMTs. Even at elevated temperature of 250oC the leakage current 
increment is insignificant. The change in drain saturation current is less than 10% at 
250oC. For an unpassivated and non-field-plated device with 9μm gate-drain separation, 
the measured three terminal off state breakdown voltage is close to  800V which is 





CONCLUSION AND FUTURE WORKS
6.1 Conclusion 
Efficient thermal management is one of the key impediments for achieving 
inexpensive and high power density power semiconductor device switching modules for 
many commercial, military, and space applications. Moreover, realization of increased 
off state breakdown voltage for the cost of increased device size or complicated 
processing not only increases the cost but also affects the effort to achieve high power 
density power semiconductor device switching modules. The ultimate penalty is the 
increased manufacturing cost with compromising energy conversion efficiency.  In 
addition, high efficiency energy conversion is also considered as one of the key factors to 
reduce carbon emission which has been an urgent issue to cope with global warming. 
Efficient energy conversion is also an urgent requirement to integrate renewable energy 
in the existing grid. Moreover, from the view point of environmental sustainability, it is 
also important to monitor the UVC wave length (cancer causing, used in water 
disinfection to kill bacteria) in the ozone layer to study the degree of global warming. 
This is an important health concern also along with many commercial and military 
applications. It demands smart, compact, efficient and cost effective devices for the these 
wave lengths detection in solar blind frame work.  Ultra wide band gap AlGaN materials 
show considerable potential to outperform wide band gap GaN based devices to address 
these issues in low cost platform. 
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This dissertation focuses on the development of UWBG AlGaN based FETs on 
DUV LED template (3µm AlN) over basal plane Sapphire substrate. Despite the 
attractive features of UWBG AlGaN for designing power FETs, the potential of these 
UWBG FETs are also revealed as solar blind UV detector. In this dissertation work, two 
techniques- SAG mesa and SAG graded n-AlGaN Ohmic contact scheme have been 
developed to realize the UWBG FETs. The SAG n-Al0.5Ga0.5N channel MISFET shows 
excellent solar blind UV wave length detection ability with very high photo responsivity 
of 1.2×106 A/W which is an order magnitude higher than currently used expensive and 
bulky photomultiplier tubes (PMTs). Next, n-Al0.65Ga0.35N channel MESFET shows 
excellent thermal stability with less than 10% fluctuation of drain saturation current at 
elevated temperature of 200 oC without having any thermal arrangement as oppose to 
GaN based HEMT on Si substrate which exhibits ~35% of drain current degradation 
under same temperature of operation. These n-Al0.65Ga0.35N MESFETs also responded to 
UVC wave length (254 nm) at 200 oC which indicates the ability of UWBG AlGaN 
materials to operate as UVC detector even at high temperature environment. Similar kind 
of thermal immunity is also observed for Al0.85Ga0.15N /Al0.65Ga0.35N HEMTs. The large 
Schottky barrier height of this UWBG AlGaN based HEMT shows extremely low gate 
leakage current in the order of ~ 10-9A/mm. Even at 250 oC the increment of gate leakage 
current is very insignificant (10-8A/mm) which is around three order of magnitude lower 
than conventional GaN channel based MOSHEMTs at 200 oC. The on to off current ratio 
of these devices are in excess of 107 at RT and 105 at 250 oC with no thermal arrangement 
showcases its ability to operate as a power switch in high temperature harsh environment.  
The three terminal off state breakdown voltage of these unpassivated devices with no 
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field plate is close to 800V for gate to drain separation of 9µm. This breakdown voltage 
is limited by metal flashover not by channel. This is considerably higher than GaN 
channel HEMT for the same condition. It suggests that with proper passivation, 
packaging and electrode design we can reduce the dimension of these UWBG AlGaN 
based HEMTs for a required breakdown voltage and hence increase the number of 
devices per unit are as compare to GaN based HEMTs. This will in turn increase the 
power density and reduce manufacturing cost.   Moreover, high Al content i-AlGaN 
channel is very insulating and hence ensure very low subthreshold current as compare to 
GaN due to having large band gap. This low subthreshold current along with low gate 
leakage current UWBG AlGaN based HEMTs is highly favorable to reduce off state 
power loss of these power semiconductor switches which is favorable to increase the 
energy conversion efficiency. 
The outcome of this dissertation shows UWBG AlGaN based FETs has greater 
promise for next generation high temperature power electronic and photonic applications 
in low cost platform. Moreover, it creates a possibility to open new device applications 
scope where photonic and electronic devices can be used on the same chip. 
6.2 Future Works 
Ultra wide band gap AlGaN can eliminate or reduce the need for extensive 
thermal management and hence can dramatically reduce the system size, weight and 
volume. It can increase the power density and reduce the cost. Another most important 
point of using UWBG based devices is reducing losses. As for a specific off state break 
down voltage the size of UWBG AlGaN based HEMTs are considerably smaller than 
conventional GaN based HEMTs, it means the required passive component size can also 
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be reduced. These will facilitate the switching speed an important figure of merit for RF 
applications in harsh environment. Higher thermal stability, large off state breakdown 
voltage, low off state power loss and harsh environment RF applications from UWBG 
AlGaN HEMTs with relatively smaller size comparing with GaN HEMTs are still 
standing behind the benchmark requirements. At this early stage of UWBG AlGaN 
HEMTs few difficulties need to be solved to come closer to the values of theoretical 
figure of merit of these power devices. Few major challenges that hinder the speed of 
development of these UWBG AlGaN HEMTs are mentioned below. 
The first challenge for realizing competitive UWBG AlGaN based HEMTs is 
developing technique for Ohmic contact. This contact issue limiting the drain current and 
hindering its application as RF switch. At present the Ohmic contact resistivity is far 
away than what is achieved for conventional AlGaN/GaN HEMTs. The second challenge 
is the increment of channel conductivity (nsµ product). This is also the most important 
requirement for increasing channel current. Though, multi finger technique is well known 
technique to increase the device current, the nsµ product is the intrinsic requirement for 
getting higher current from the device. This is relevant with proper epilayer design and 
growth optimization. The third challenge in this area would be the development of 
efficient doping technique for high Al content AlGaN by MOCVD growth technique. 
Epilayer uniformity throughout the wafer could be considered as another issue related to 
growth. Research is going on to solve these challenges by several groups all over the 
world mostly in Japan and United States. Current ongoing research and development at 
Photonics and Microelectronics Laboratory in University of South Carolina directed by 
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Prof. Dr. Asif Khan is giving hope to move closer to theoretical limits of these UWBG 
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